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The metamorphic rocks exposed along the southeast coast of Prydz Bay were affected by 
several metamorphic and plutonic events associated with collision in the Neoproterozoic and 
Cambrian. Critical units exposed in the Larsemann Hills and nearby ice-free areas include (1) 
basement Søstrene Orthogneiss, (2) cover sequence Brattstrand Paragneiss and (3) anatectic 
pegmatites intrusive into the Brattstrand Paragneiss. Zircon U-Pb data from previous studies 
yielded a maximum depositional age of 1023 ± 19 Ma for the Brattstrand Paragneiss, but only 
approximate ca. 900 Ma to ca. 1000 Ma and ca. 530 Ma ages for two metamorphic events. In 
order to constrain the timing of these two events, stages of these events, and anatexis resulting in 
pegmatites, monazite in the three units was dated in-situ with the electron microprobe.  
Entire thin sections were mapped with either the electron microprobe or SEM in order to 
locate monazite grains and to show the petrologic context of the monazite grains. Selected 
monazite grains were then mapped with the electron microprobe for U, Th, Y, and Pb to identify 
  
growth domains. Domains in a given sample having a similar chemical composition and 
occurring in grains sharing the same petrologic context are interpreted to constitute a single 
population that grew synchronously as a result of a specific metamorphic process. These 
populations were then dated and the dates of populations inferred to have formed as a result of 
the same stage of a metamorphic event were used to calculate the age of this stage.  
The results confirm that both the basement and cover sequence were affected by 
metamorphic events in the Neoproterozoic and Cambrian. Neoproterozoic metamorphism is 
dated at 911 ± 9 Ma (2σ uncertainties) which is consistent with previous studies. The spread in 
Cambrian ages for the Brattstrand Paragneiss is attributed to a clockwise P-T path. Monazite 
populations interpreted as representing peak conditions (estimated to be 6-7 kbar and 800-850˚C 
by previous research) yield an age of 537 ± 6 Ma. Early retrograde conditions are characterized 
by decompression (estimated to be 4.5 kbar by previous research) and partial melting. Monazite 
populations interpreted as representing this stage yield an age of 525 ± 3 Ma. Late retrograde 
metamorphism is characterized by further decompression and cooling and monazite populations 
interpreted as representing this stage yield an age of 512 ± 2 Ma. Dating of monazite in the 
pegmatites often gave contradictory results, however, the dates confirm that the analyzed 
pegmatites were emplaced synchronously with the Cambrian metamorphic event.  
The results indicate that rocks presently exposed in the Larsemann Hills were buried to 
mid-crustal depths during the Neoproterozoic metamorphic event at 911 ± 9 Ma and were 
subsequently exhumed to a shallower depth. At 537 ± 6 Ma during peak metamorphic conditions 
the Larsemann Hills were buried to a depth of 20 – 24 km and were raised to a depth of around 
10 km by 512 ± 2 Ma when the Indo-Antarctic and Australo-Antarctic cratons collided. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation and Aims 
Monazite is a rare-earth-element phosphate mineral, ideally CePO4, which is well suited 
for in situ electron microprobe dating. Montel et al. (1996) noted that because monazite is 
extremely rich in U and Th (up to 5 and 25 wt%, respectively), radiogenic Pb accumulates very 
quickly and can attain concentrations in monazite measurable with an electron microprobe in as 
little as 100 million years. Montel et al. (1996) further stated that assuming that common Pb is 
negligible, and that partial loss of Pb has not occurred after crystallization, both reasonable 
assumptions in many cases, the simultaneous measurement of U, Th, and Pb can give a 
geologically meaningful age from a single electron microprobe analysis. The electron 
microprobe cannot measure isotopes and thus lacks the precision of isotopic techniques such as 
thermal ionization mass spectrometry (TIMS) or inductively coupled plasma mass spectrometry 
(ICP-MS). Nonetheless, monazite dating by electron microprobe has several advantages which 
make it an ideal technique for providing insight into metamorphic evolution and the relation of 
pressure, temperature, time and deformation: small grains can be analyzed, zoning within grains 
can be analyzed, it is non-destructive of the sample, and most importantly, the petrologic context 
of individual grains can be constrained. The link between the petrologic context and the age of 
specific monazite grans enables their use as a constraint for the age of formation of other 
minerals which are in turn related to a metamorphic assemblage. Additionally, distinct chemical 
zones within monazite grains likely formed at different times and these separate domains within 
grains can be dated individually to more accurately reveal the geologic history of an area. 
Metamorphic assemblages provide insight into temperature and pressure conditions and 
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monazite-xenotime geothermometry provides an alternative direct measurement of temperature 
to supplement other geothermometers and pressure-temperature modeling.  
In-situ electron microprobe dating of monazite is very useful in resolving outstanding 
issues in the geologic history of the Larsemann Hills, Prydz Bay, East Antarctica (Fig. 1.1). 
Specifically, there is uncertainty in the timing of metamorphic assemblages and anatectic 
pegmatite intrusions. Paragneisses and pegmatites exposed in the Larsemann Hills contain 
unusually diverse assemblages of boron and phosphate minerals, and the Larsemann Hills is the 
type locality for four mineral species of mineral (e.g. Grew et al. 2006, 2007a, 2007b; 
MacGregor 2012; MacGregor et al. 2013; Grew et al. 2013). Previous studies (Harris et al. 2008; 
Wang et al. 2008a; Grew et al. 2012) have revealed two metamorphic events ca. 1000-900 Ma 
and ca. 530 Ma that have affected the Larsemann Hills, but the ages of specific metamorphic 
assemblages, stages of metamorphic events, and ages of pegmatite intrusive events are still 
poorly constrained. The purpose of this project is to use in-situ monazite dating by electron 
microprobe analysis to constrain the chronology of metamorphic assemblages and anatexis, and 
relate the timing of these events to the pressure, temperature, time, and deformation (P-T-t-D) in 
order to better constrain the regional tectonics of East Antarctica and especially its role in the 
history of the supercontinent Gondwana.  
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Figure 1.1. Map of Prydz Bay, East Antarctica showing the location of the Larsemann Hills and 
the surrounding area.  
 
1.2 Geologic Background 
 The Larsemann Hills are underlain by the Søstrene Orthogneiss basement complex 
(Hensen and Zhou 1995; Grew et al. 2012). Grew et al. (2012) report a zircon U-Pb age of 
emplacement of the precursor rock at 1126 ± 13 Ma. The Søstrene Orthogneiss is overlain by the 
Brattstrand Paragneiss, which comprises a wide range of lithologies including metapelites, 
metaquartzites, tourmaline quartzites, and leucogneisses (Carson and Grew 2007). There is 
disagreement on the depositional age of the Brattstrand Paragneiss. Hensen and Zhou (1995) 
suggest a late Neoproterozoic depositional age on the basis of the oldest Sm-Nd garnet whole-
rock dates (515 Ma) of the Brattsrand Paragneiss. Kelsey et al. (2008) also suggest a late 
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Neoproterozoic depositional age based on U-Pb dates of the youngest detrital zircon cores (600 
Ma) in the Brattstrand Paragneiss and Mather Paragneiss in the nearby Rauer group (Fig 1.1) as 
well as the oldest metamorphic monazite ages (575 Ma) in the Mather Paragneiss (Kelsey et al. 
2007).  
Other studies, however, suggest a late Mesoproterozoic depositional age of the 
Brattstrand Paragneiss. Wang et al. (2008a) suggest a late Mesoproterozoic depositional age 
based on SHRIMP U-Pb zircon ages of the youngest detrital zircons (1100 Ma) and oldest 
metamorphic rims (1000 Ma) of grains analyzed. Grew et al. (2012) suggest ca. 1000 Ma 
depositional ages based on ion microprobe U-Pb dates of detrital zircons and metamorphic rims 
in the Tassie Tarn Metaquartzite (part of the Brattstrand Paragneiss). They suggest a maximum 
depositional age of 1023 ± 19 based on the weighted mean of the three youngest of detrital 
zircons and an age of ca. 900 for the oldest metamorphic event to bracket the timing of 
deposition. Grew et al. (2012) report a zircon U-Pb emplacement age of 968 ± 13 Ma for the 
Blundell Orthogneiss, leading to the conclusion that the unit is intrusive to the Brattstrand 
Paragneiss. However, field relationships between the Blundell Orthogneiss and Brattstrand 
Paragneiss are ambiguous and an intrusive relationship cannot be demonstrated from field 
observations alone. 
Most investigators agree that the Larsemann Hills were affected by two major 
metamorphic events: an older high-grade event during the late Neoproterozoic and a younger 
high-grade event during the Cambrian. The most recent work has determined that most of the 
textures present represent the Cambrian event, whereas textures representing the Neoproterozoic 
event are either absent or occur as relict inclusions (Carson et al. 1997; Tong et al. 2014). 
Hensen and Zhou (1995) constrained the ages of various lithologies in Prydz Bay using Sm-Nd 
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dating of garnet. They determined that the main metamorphic event to affect paragneiss cover 
sequences, including the Brattstrand Paragneiss in Larsemann Hills, occurred around 515 to 490 
Ma. They found no evidence that an older metamorphic event affected the cover sequences; 
however, they found early Neoproterozoic ages of metamorphism in the Søstrene Orthogneiss 
ranging from 988 to 859 Ma. Harris et al. (2008) created age maps of monazite grains in the 
Brattstrand Paragneiss with electron microprobe analysis and found that ages clustered between 
970-850 Ma and 600-520 Ma.  
Kelsey et al. (2007) applied in situ U/Th-Pb monazite dating in the Rauer Group (Fig. 
1.1) and found evidence for two broad events: one ca. 950-820 Ma and the other ca. 570-510 Ma. 
They suggested that the younger event had a duration of at least 60 m.y. and that between 575-
545 Ma, temperature and pressure increased during prograde metamorphism. Peak to post peak 
conditions of ca. 9 kbar and 950˚C occurred between 540-525 Ma. Retrograde decompression 
and temperature loss occurred at 511 ± 4 Ma. Wang et al. (2008a) obtained SHRIMP U-Pb 
zircon dates of metamorphic overgrowths from various units in the Larsemann Hills and 
determined that metamorphism affected the Larsemnan Hills ca. 1000 Ma and ca. 530 Ma. Grew 
et al. (2012) obtained SHRIMP (ion microprobe) U-Pb zircon ages of metamorphic rims from 
various lithologies in the Larsemann Hills and found evidence that the Søstrene Orthogneiss 
underwent metamorphism ca. 530 Ma and that the Brattstrand Paragneiss experienced two 
metamorphic events ca. 900 Ma and ca. 530 Ma.   
The sequence of four major deformational events (D1-D4) described by Carson et al. 
(1997) has been adopted here. The D1 event was responsible for the “interleaving” of felsic and 
sedimentary rocks and the older metamorphic event at about 1000 Ma (Wang et al. 2008a). The 
D2 event was a transpressional event characterized by east plunging lineations heterogeneously 
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partitioned into high and low strain zones and was overprinted by the regionally extensive D3 
event (Carson et al. 1997). The D2 structures developed as a response to ESE over WNW 
transpression and the D3 structures in response to SW extension (Carson et al. 1997). The peak 
conditions of the younger metamorphic event occurred during the D2 deformational event 
(Carson et al. 1997; Wang et al. 2008a). Decompression accompanied partial melting during the 
late D2 and D3 events and the D4 event was characterized by the formation of NW trending 
amphibolite facies mylonites (Carson et al. 1997). 
During the Cambrian metamorphic event, anataxis led to the emplacement the Progress 
Granite and three generations of pegmatites: D2&3, D4, and post D4. The names of the 
generations correspond to the deformational event occurring at the time of emplacement. The age 
of the Progress Granite is well constrained ca. 515 Ma (Carson et al. 1996; Wang et al. 2008a). 
The pegmatites have not yet been dated prior to this project, but based on isotopic constraints 
and crosscutting relationships, the D4 pegmatites and Post D4 pegmatites are hypothesized to be 
closer in age the Progress Granite than the D2&3 pegmatites (Maas et al. 2015). The D2&3 
pegmatites are constrained by data on Pb, Rb-Sr, Sm-Nd isotopes to be sourced from anataxis of 
the Brattstrand Paragneiss, whereas the D4 pegmatites are sourced from anataxis of both the 
Brattstrand Paragneiss and Prydz Bay metamorphic rocks overall (Maas et al. 2015). The 
Progress Granite and post D4 Pegmatites are sourced only from Prydz Bay rocks overall (Maas 
et al. 2015). The D2&3 and D4 pegmatites have undergone deformation since emplacement 
(Wadoski 2009; Wadoski et al. 2011).   
1.3 Pressure and Temperature Constraints 
The peak conditions of the Neoproterozoic metamorphic event in the Larsemann Hills 
and neighboring Brattstrand Bluffs and Bolingen Islands are interpreted to be 6-9 kbar and 840-
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900˚ C (Tong et al. 2014; Tong and Lui 1997; Ren et al. 1992); the assemblages examined occur 
in the rocks as relict inclusions. Estimates of peak pressure and temperature conditions of the 
Cambrian event range from 6-7.5 kbar and 800-860˚ C (Fitzsimmons and Harley 1992; Carson et 
al. 1997; Grew et al. 2006, 2007; Tong et al. 2014). These estimates were determined based on 
the stability of assemblages containing garnet and orthopyroxene (Fitzsimmons and Harley 1992; 
Carson et al. 1997; Tong et al. 2014), and the stability of the phosphate minerals stornesite and 
chopinite found in fluorapatite segregations (Grew et al. 2006; Grew et al. 2007).  
Various assemblages containing spinel, cordierite, garnet, and quartz in the Brattstrand 
Paragneiss are interpreted to have formed at ~4.5 kbar and ~750 ˚C (Stüwe et al. 1989a; 
Fitzsimmons and Harley 1992; Ren et. al. 1992, Carson et. al. 1997). Some authors interpret this 
assemblage as a peak assemblage while others interpret it as retrograde. Due to the evidence for 
a higher grade Cambrian assemblage, it is the interpretation of this thesis that assemblages 
resulting from the production of spinel represent an early retrograde assemblage rather than a 
peak assemblage. Later retrograde development is characterized by a decrease in temperature 
and pressure and the development of several corona textures such as cordierite on spinel (Ren et 
al. 1992; and Carson et al. 1997) or cordierite on garnet (Stüwe and Powell 1989a). Wadoski 
(2009) and Wadoski et al. (2011) examined pegmatite intrusions and determined that the primary 
texture of graphic quartz-tourmaline intergrowths occurs at 3-4.5 kbar and 700-750˚C. Boralsilite 
becomes stable at 3-4 kbar and 600-700˚C and secondary tourmaline and dumortierite at ~3 kbar 
and 600˚C. A summary of pressure and temperature estimates for the Larsemann Hills in 
presented in Table 1.1.    
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Author 
Neoproterozoic 
(Peak) 
Cambrian 
(Peak) 
Cambrian 
(Early 
Retrograde) 
Cambrian 
(Late 
Retrograde) 
Stüwe and Powell 
1989 
  
4.5 kbar and 
750˚C* 
3-3.5 kbar and 
600˚C 
Fitzsimmons and 
Harley 1991 and 
1992 
 
6 kbar and 
850˚C 
4.5 kbar and 
775˚C 
 
Ren et. al. 1992 9 kbar and 850˚C  
4.3 and 777 ± 
30˚C* 
634 ± 20˚C 
Tong and Lui 
1997 
9.5 kbar and 
870˚C 
   
Carson et. al. 
1997 
 
7.5 kbar 
and 800˚C 
4.5 kbar and 
750˚C 
3.5 kbar and 
650˚C 
Grew et. al. 2006 
Grew et. al. 2007 
 
6-7 kbar 
and 800-
860˚C 
3.0-4.5 kbar 
and 700-750˚C 
~3 kbar and 
~550 ˚C 
Tong et. al. 2014 
6-9 kbar and 840-
900˚C 
7 kbar and 
800-850˚C 
4-5 kbar and 
700-750˚C 
 
Table 1.1. Summary of pressure and temperature calculations for the Larsemann Hills and 
neighboring areas from the literature. *Measurement was interpreted by the authors as peak 
assemblages.  
 
1.4 Tectonic Setting 
 Recent tectonic interpretations of the Larsemann Hills region are given by Boger (2011) 
in a paper summarizing the geologic history of Antarctica, Grew et al. (2012) in a paper on 
zircon geochronology of the Larsemann Hills, and Liu et al. (2013) in a paper summarizing 
tectonothermal events in the Prydz Bay region. From 1300-1000 Ma, the precursors of the 
Brattstrand Paragneiss was being deposited in a back arc basin off the coast of the Indo-Antarctic 
Craton; the rest of the modern day Antarctic continent was not connected (Fig. 1.2). At this time 
the Fisher Island Arc and the Lambert Microcontinent were located off the coast of the Indo-
Antarctic Craton. From 990-900 Ma the Fisher Island Arc and Lambert microcontinent collided 
with the east coast of the Indo-Antarctic Craton, resulting in metamorphism during the 
Neoproterozoic (Fig 1.3). It has been suggested, however, that the Lambert Microcontinent was 
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not big enough to have caused the extensive metamorphism observed during the Neoproterozoic, 
and that another microcontinent (the Ruker Terrane) was attached to the Lambert Microcontinent 
before the collision with the Indo-Antarctic Craton, and that both of these microcontinents 
together collided to cause the metamorphism during the Neoproterozoic (Liu et al. 2013).  
 Many researchers attribute the cause of the Cambrian metamorphic event to continental 
collision of the Australo-Antarctic Craton with the Indo-Antarctic Craton during the assembly of 
Gondwana (Boger 2011; Grew et al. 2012; Lui et al. 2013; Fig 1.4). This tectonic event caused 
the Cambrian metamorphism and the D2-D4 deformational events observed in the Larsemann 
Hills (Carson et al. 1997). Evidence in favor of a continental collision model includes the 
presence of structures and P-T paths expected to occur during continental collision 
(compressional followed by extensional structures and a decompressional P-T path), distinct 
paleomagnetic polar wander paths in the Indo-Antarctic Craton and Australio-Antarctic Craton, 
and high pressure assemblages in the nearby Grove Mountains (to the south west of the 
Larsemann Hills), which indicate that the region was buried to depths only achieved during 
continental collision (Lui et al. 2013). Other researchers, however, have attributed the Cambrian 
event to intracontinental reworking in response to the collision between East and West 
Gondwana (Lui et al. 2013). The discovery of a suture inland of the Prydz Bay region would 
confirm a continental collisional cause of the Cambrian event. It is unlikely that this suture will 
ever be found, however, due to the extensive ice cover of Antarctica.  
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Figure 1.2. Larsemann Hills ca. 1300-1000 Ma. The Brattstrand Paragneiss protolith was 
deposited in a back-arc basin on the coast of the Indo-Antarctic craton. Modified from Grew et 
al. (2012)  
 
 
Figure 1.3. Larsemann Hills ca. 990-900 Ma. The Fisher Island Arc, Lambert microcontinent 
and possibly the Ruker Terrane collided with the east coast of the Indo-Antarctic Craton and 
cause metamorphism of the rocks now exposed in the Larsemann Hills. Modified from Grew et 
al. (2012) 
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Figure 1.4. Assembly of Gondwana at ca. 530. The location of the Larsemann Hills is denoted 
by the black asterisk. Many authors favor a model where the Australo-Antarctic Craton collides 
with the Indo-Antarctic Craton to cause metamorphism at ca. 530. Others, however, favor a 
model where East and West Gondwana were already assembled and the collision between East 
and West Gondwana at ca. 530 caused intracontinental metamorphism in the Prydz Bay belt. 
Modified from Grew et al. (2012) 
 
1.5 Sample Localities and Units Examined  
 Samples were collected by Drs. Edward Grew and Chris Carson during the 2003-2004 
Antarctic field season. Thirteen samples from six lithologic units were analyzed in this work: 
Lake Ferris and Stüwe Metapelites, the Allison Quartzofeldspathic Gneiss, the Stornes Gneiss, 
D2&3 Pegmatites, D4 Pegmatites, and the Søstrene Orthogneiss. A location map of all samples 
analyzed is shown in Figure 1.5 and a list of all samples is given in Table 1.2.  
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The Lake Ferris and Stüwe Metapelites, Allison Quartzofeldspathic Gneiss, and Stornes 
Gneiss are all part of the Brattstrand Paragneiss. The Lake Ferris and Stüwe Metapelites have a 
typical pelite bulk composition (Grew et al. 2013). These units host potassium feldspar dominant 
leucosomes (Carson and Grew 2007). The Allison Quartzofeldspathic Gneiss is a phosphatic 
metapelite (Grew et al. 2013). It has a bulk composition of a pelite except with an elevated P 
content, and thus contains abundant apatite. The Stornes Gneiss is a plagioclase-biotite gneiss 
with layers of prismatine-cordierite-biotite (Carson and Grew 2007). The Søstrene Orthogneiss is 
a tan quartz-plagioclase felsic gneiss. Both generations of pegmatite are characterized by an 
abundance of borosilicate minerals, and the graphic intergrowth of quartz and tourmaline is a 
common primary texture (Wadoski 2009; Wadoski et al. 2011, Maas et al. 2015). D2&3 
Pegmatites form irregular pods and veins generally not exceeding 1 m in thickness (Maas et al. 
2015). D4 pegmatites comprise planar discordant veins up to 20-30 cm thick and are in zones of 
amphibolite facies mylonites (Maas et al. 2015).  
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Figure 1.5. Detailed map of the Larsemann Hills showing the location and map unit of samples 
examined in this thesis. 
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Sample No.  Unit  GPS Coordinates 
123102A Metapelite  69˚ 24.793’ S 
76˚ 6.803’ E  
011602A Metapelite 69˚ 24.813’ S 
76˚ 6.251’ E 
011702I1 Metapelite 69˚ 26.802’ S 
76˚ 6.553’ E 
011701B1 Allison Quartzofeldspathic 
Gneiss 
69˚ 26.761’ S 
76˚ 6.387’ E  
011702J Allison Quartzofeldspathic 
Gneiss 
69˚ 26.802’ S 
76˚ 6.553’ E 
011702L2 Allison Quartzofeldspathic 
Gneiss 
69˚ 26.802’ S 
76˚ 6.553’ E 
121401C Stornes Gneiss 69˚ 24.456’ S 
76˚ 15.057’ E 
012104B Stornes Gneiss 69˚ 24.421’ S 
76˚ 6.772’ E 
123106 Tassie Tarn Metaquartzite 69˚ 25.065’ S 
76˚ 4.136’ E  
122902 Søstrene Orthogneiss 69˚ 21.547’ S 
76˚ 8.638’ E 
112801F D2&3 Pegmatite  69˚ 24.458’ S 
76˚ 6.536’ E 
112901  D2&3 Pegmatite  69˚ 24.283’ S 
76˚ 6.694’ E 
Table 1.2. List of samples examined and coordinates for the localities (Chris Carson, 2004 
personal communication to Edward Grew). 
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CHAPTER 2  
METHODS 
 
The method for in-situ monazite dating by electron microprobe analysis (EMPA) used in 
this work is the “bottom up” approach preferred by Williams and Jercinovic (2002), Williams et 
al. (2006), Williams and Jercinovic (2012), and Williams et al. (2017). The “bottom up” 
approach involves using chemical maps to image chemical zoning in monazite grains in order to 
determine possible age domains within monazite grains prior to dating. Each of these age 
domains within a grain were dated individually. This is in contrast to the original “top down” 
approach of Montel (1996), in which spots in a grain are dated irrespective of chemical domain 
and age populations are separated mathematically after analysis. The “bottom up” approach has 
the advantage of linking age domains to metamorphic textures and reactions through petrologic 
observations in thin section and chemical analysis of each domain. The steps are summarized as 
follows:  
1).  Observation of thin sections with a petrographic microscope  
2).  Production of full thin section chemical maps  
3).  Production of chemical and age maps of select monazite grains  
4).  Quantitative chemical analysis of monazite and major minerals 
5).  Dating of monazite grains  
2.1 Full Section Chemical Mapping    
The mineralogy, petrology, and microstructures of all samples analyzed with electron 
microprobe analysis (EMPA) were studied in hand sample, thin section, and with the Vega TC 
scanning electron microscope at the University of Maine (UMaine). Each sample is described in 
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detail in Chapter 3. Entire polished thin sections were mapped and all monazite grains were 
located on the map in order to observe the relationship of monazite grains to individual textures 
with a wider field of view than could be obtained with a petrographic microscope. Two methods 
of mapping thin sections in entirety were used: wavelength dispersive spectroscopy (WDS) 
chemical mapping with the Cameca SX 100 electron microprobe at UMaine, and backscattered 
electron (BSE) imaging with the Vega TC scanning electron microscope (SEM).  
2.1.1 EMPA Mapping 
Chemical maps of entire thin sections were acquired for Mg and Ce using the Cameca SX 
100 electron microprobe at the University of Maine. The probe conditions used were a 15 kV 
accelerating voltage, 300 nA current, 30 µm step size, 35µm spot size, and 25 ms dwell time. 
The Mg maps were used as a base map to show the texture and mineralogy of the sample, while 
the Ce maps were used to identify the location of monazite grains. Typically monazite is the only 
Ce bearing mineral in the samples so the Ce maps show white “Ce spots” on a black background. 
The shades on these maps were then inverted so that the Ce spots are black and the background 
is white; this makes the spots easier to see. The inverted Ce maps were then superimposed on the 
Mg map and the locations of the Ce spots were marked on the Mg base maps with a red circle 
(Fig. 2.1).  
2.1.2 BSE Mapping 
Base BSE maps showing texture and mineralogy of an entire thin section were produced 
by stitching together many small BSE images of the thin section using the image snapper tool of 
the Vega TC SEM. A second BSE map was produced the same way with the brightness and 
contract varied so that all minerals lighter in average atomic weight than monazite appear black. 
The resulting “heavy mineral” spots were then superimposed on the base BSE map and marked 
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with a red circle. After this map was produced, all spots were analyzed using electron dispersive 
spectroscopy with the SEM and spots that were minerals other than monazite were eliminated. 
There are typically few grains of minerals heavier than monazite in the samples analyzed. 
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Figure 2.1. Thin section maps of gneiss from the Larsemann Hills acquired using WDS. (A) Mg 
map. Lighter shade indicates a higher Mg content. The red dots represent the locations of 
monazite grains, determined using the Ce map. (B) Ce map. Black areas represent where 
significant quantities of Ce was detected indicating the presence of monazite.  
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2.2 Monazite Chemical Mapping  
Individual monazite grains revealed by mapping of entire thin sections were examined 
with the SEM so that the most critical grains could be selected for individual grain chemical 
mapping with the electron microprobe. The SEM was used to confirm the locations and 
petrologic context of the grains. Backscattered electron images revealed zoning in individual 
monazite grains. These variations in backscatter intensity are indicative of chemical zoning, 
which was analyzed in more detail with WDS on the electron microprobe at a later step. All 
grains which were possible candidates for individual grain mapping with WDS were numbered, 
and notes were taken on the presence of zoning within the grain, size of the grain, and petrologic 
context of the grain. Monazite grains were selected for more detailed WDS mapping based on 
several factors. The grains were selected so that grains from many different petrologic contexts 
are represented and grains of larger sizes and grains with more intense zoning were also 
preferentially chosen.  
Individual grains were mapped with WDS using the Cameca SX 100 electron microprobe 
at UMaine. Column conditions used for mapping were 15 kV accelerating voltage, 250 nA 
current, and a focused beam. Dwell time was varied between 200 and 500 ms based on the 
amount of Th in the grain; longer dwell times were used for lower Th content. Step size was 
varied based on the size and shape of the grains. Each grain was mapped for Th, U, Y and Pb. 
Lead was mapped on two spectrometers to increase precision (Table 2.1). After mapping, each 
grain was input into an age map Matlab program to reveal broad age zoning on the order of ~100 
Ma in each grain (Fig. 2.2). The age mapping Matlab program was written by Dr. Martin Yates, 
inspired by the original age map technique of Gonclaves et al. (2005). The age map program 
calculates the age of each pixel based on the Th, U and Pb wt% and uses Y wt% for correction. 
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Thorium, U and Y maps were then processed simultaneously so that the intensity scale is the 
same for all grains in a thin section (a given color on one grain map represents the same 
concentration as that same color on the other maps). The age and chemical maps are not a 
substitute for quantitative spot chemical and age analyses. Their purpose is to show large-scale 
relative differences in age and chemical composition.  
Spectrometer Element/Line Crystal  
1 Y Lα TAP 
2 Pb Mα LPET 
3 Th Mα LPET 
4 U Mβ LPET 
5 Pb Mα LPET 
Table 2.1. Table of crystal setup for monazite maps acquired at UMaine. 
Distinct chemical domains within monazite grains were defined using the age, Th, U and 
Y maps (Fig. 2.2). These domains were defined by dividing individual grains into distinct zones 
with similar chemistry. Some grains are chemically homogenous and have only one domain, 
whereas other grains have several domains. Identification of domains is important because 
different chemical domains may correspond to different periods of growth, which may 
correspond to the age of formation of different metamorphic assemblages. Similar chemical 
domains often occur in multiple monazite grains per thin section. These similar domains are 
interpreted to have formed synchronously and represent a distinct population of monazite growth 
that is tied to a particular metamorphic event. In summary, “domain” refers to a chemically 
distinct zone within an individual grains and “population” refers to a set of chemically similar 
domains interpreted to have formed synchronously in several grains throughout a thin section, 
often in a similar petrologic context.  
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To efficiently catalogue every monazite domain a numbering scheme was developed. 
Each monazite grain was assigned a number, although not all of these grains were selected for 
detailed chemical mapping. The prefix “m” is put before the numbers of the grains to indicate 
that the number refers to a monazite grain. Each population in each sample was also given a 
number. In samples that have monazite grains that show clear core and rim zoning, the 
population of monazite growth which most often occurs in core domains was given the lowest 
number, whereas the population which occurs more often in rim domains was given the highest 
number. The resulting inference regarding the relative ages of each population in each sample 
(higher numbered populations are younger) will be tested by dating. The prefix “p” is put before 
the number representing the population. For example, “123456 m16p3” is the name of the 
domain in sample 123456, which is within grain m16 in that sample and is part of population 3 
in that sample.  
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Figure 2.2. Age, Th, and Y chemical maps of monazite grains m1 (a,b,c) and m2 (d,e,f) in 
sample 011702J. Yellower color indicates higher chemical content or older age and bluer color 
indicates lower chemical content or younger age. Four populations of monazite growth were 
identified based on zoning and are labeled 1-4, respectively. Grain m1 has 3 domains and grain 
m2 has 4 domains. There are a total of 4 populations between the two grains. Population 1 is 
found in the core domain of grain m1, which is characterized by an older age and lower Th 
content. Populations 2, 3, and 4 appear in both grains and all show younger ages that are too 
close in age to be differentiated by the age map. Population 2 is characterized by somewhat high 
Th content and somewhat low Y content. Population 3 is characterized by a higher Y content. 
Population 4 occurs as a rim domain on both grains and is characterized by very high Th and 
very low Y content.   
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2.3 Chemical Analysis and Dating of Monazite 
Quantitative WDS chemical spot analyses were performed on the selected domains in 
order to quantify the full chemistry of the domains and to date the domains. These analyses were 
done on two different electron microprobes: The Cameca SX Ultrachron at the University of 
Massachusetts Amherst (UMass) and the Cameca SX 100 at UMaine. The electron microprobe 
facility at UMass has been performing in-situ monazite dating for over a decade and has 
developed a refined method. In-situ monazite dating had not been performed at UMaine recently; 
the instrumentation and software are different than those at UMass, and thus the details of the 
method varied between the two facilities. Select monazite domains were analyzed at both 
facilities in order to assess the validity of ages determined using the UMaine microprobe. 
2.3.1 Chemical Dating at UMass Ultrachron 
For monazite analysis on the Cameca SX Ultrachron electron microprobe at UMass, thin 
sections were coated with a 25 nm coat of aluminum and then an 8 nm coat of carbon. Probe 
conditions for analysis were 15 kV accelerating voltage, 200 nA probe current, and a focused 
beam. For each dating session an internal standard was measured at the beginning and end of 
each run to ensure accuracy. Analyses for major and minor elements were done on seven points 
per domain (fewer points were analyzed if the domain is too small to fit seven points). 
Background measurement was performed on the first point; peak quantitative measurements 
were performed on the subsequent six points. In order to obtain the accuracy and precision of 
measurements necessary for dating, background of U, Th, and Pb were measured using a 
multipoint technique. In this technique, multiple wavelengths to either side of the peak are 
measured in order to more accurately determine the background at the peak position (Allaz et al. 
2011; Williams et al. 2017). Count times on the elements relevant for dating (U, Th, Pb, and Y) 
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and other trace elements can be found in Table 2.2. Because the measurement of Pb is critical for 
accurate dates, two spectrometers were dedicated to its measurement for the entire duration of 
the analyses. 
 
Spectrometer Element/ 
Line Crystal 
Count 
Time (s) Standard 
1 U Mβ α LPET 500 UO2 
1 K Kα  LPET 200 Microcline Ka 
2 Th Mα LPET 400 Brabantite  
2 Ca Kα LPET 20 Wilberforce 
2 S Kα LPET 20 Pyrite 
2 P Kα LPET 20 LaPO4 
2 Y Lα LPET 100 YAG 
2 Sr Lα LPET 20 SrF2 
2 Si Lα LPET 20 Microcline Ka 
3 Pb Mα VLPET 700 Pyromorphite 
4 Pb Mα VLPET 700 Pyromorphite 
5 La Lα LLIF 20 LaPO4 
5 Ce Lα LLIF 20 CePO4 
5 Nd Lα LLIF 20 NdPO4 
5 Pr Lβ LLIF 30 PrPO4 
5 Eu Lα LLIF 60 EuPO4 
5 Sm Lβ LLIF 60 SmPO4 
5 Tb Lα LLIF 36 TbPO4 
5 Dy Lα LLIF 36 DyPO4 
5 Er Lα LLIF 36 Er 
5 Gd Lβ LLIF 60 GdPO4 Lb1 
5 Tm Lα LLIF 36 Tm 
5 Yb Lα LLIF 36 Yb 
5 Ho Lβ LLIF 36 HoPO4 
5 As Kα LLIF 36 GaAs 
Table 2.2. Table of crystal setup, count time and standards for monazite analyses done at 
UMass.  
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2.3.2 Chemical Dating at UMaine 
At UMaine, chemical analyses and dating were done in separate sessions; full chemistry 
in the first and dating in the second. In the first session, all major and minor elements found in 
monazite were analyzed in each domain analyzed. Samples were carbon coated prior to analysis. 
Probe conditions used were an accelerating voltage of 25 kV, 10 nA probe current, and a 5 µm 
beam size. All elements were analyzed with the same count time. Background was calculated 
using simple two point off peak interpolation.  
In the second session, samples were gold coated and the elements U, Th, Pb, and Y were 
re-analyzed with longer count times and measuring the background using the multipoint 
technique described in the preceding paragraph in order to date the domains. Probe conditions 
were 15 kV, 250 nA, and a focused beam. For each dating session an internal standard was 
measured at the beginning and end of each run to ensure accuracy. As was done at UMass, seven 
points per domain were analyzed (fewer points were analyzed if the domain is too small to fit 
seven points). The first point was a measurement of background and the next six points were 
measurements of both peak and background. Crystal configuration, count times, and standards 
used can be found in Table 2.3. In reporting the chemical content of monazite domains analyzed 
at UMaine, the Th, U, Pb, and Y values of the second (dating) session are used.       
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Spectrometer 
Elt. Line Xtal 
Count 
Time (s) 
Calibration Minerals 
Session 1      
1 Mg Kα TAP 20 Diopside  Mnz, Xt 
1 Si Kα TAP 20 Diopside  Mnz, Xt 
1 Al Kα TAP 20 Almandine  Mnz, Xt 
2 P  Kα LPET 20 CeP5O14 Mnz, Xt 
2 Ca Kα LPET 20 Diopside  Mnz, Xt 
2 S  Kα LPET 20 Barite  Mnz, Xt 
2 Y  Lα LPET 20 YP5O14 Xt 
3 La Lα LLIF 20 LaP5O14 Mnz, Xt 
3 Ce Lα LLIF 20 CeP5O14 Mnz, Xt 
3 Pr Lβ LLIF 20 PrP5O14 Mnz, Xt 
3 Nd Lβ LLIF 20 NdP5O14 Mnz, Xt 
3 Sm Lβ LLIF 20 SmP5O14 Mnz, Xt 
3 Eu Lβ LLIF 20 EuP5O14 Mnz, Xt 
3 Gd Lβ LLIF 20 GdP5O14 Mnz, Xt 
4 Sc Kα LPET 20 ScP5O14 Mnz, Xt 
4 Pb Mα LPET 20 Crocite Xt 
4 Th Mα LPET 20 Th  Xt 
4 U  Mα LPET 20 U  Xt 
5 Fe Kα LLIF 20 Almandine  Mnz, Xt 
5 Tb Lα LLIF 20 TbP5O14 Mnz, Xt 
5 Dy Lβ LLIF 20 DyP5O14 Mnz, Xt 
5 Ho Lβ LLIF 20 HoP5O14 Mnz, Xt 
5 Er Laα LLIF 20 ErP5O14 Mnz, Xt 
5 Tm Lβ LLIF 20 TmP5O14 Mnz, Xt 
5 Yb Lα LLIF 20 YbP5O14 Mnz, Xt 
5 Lu Lβ LLIF 20 LuP5O14 Mnz, Xt 
Session 2      
1 Y Kα TAP 500 YAG Mnz 
2 Pb Mα LPET 500 Pyromorphite Mnz 
3 Pb Mα LPET 500 Pyromorphite Mnz 
4 U Mβ LPET 500 UO2 Mnz 
5 Th Mα LPET 100 ThO2 Mnz 
5 Pb Mα LPET 400 Pyromorphite Mnz 
Table 2.3. Table of crystal configuration, count times, and standards used for monazite and 
xenotime analyses at UMaine.  
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2.4 Calculation of Dates 
Measured U, Th, and Pb contents were used to calculate a date for each of the six points 
per domain at both facilities by solving for τ in the age equation (Equation 2.1; Montel 1996). At 
UMass, the Y content was also used as a correction factor. Uranium, Th, and Pb content are in 
parts per million (ppm) and λ232, λ235, and λ238 are the radioactive decay constants of 232Th, 235U, 
and 238U respectively. An error for each point was calculated based on the short term random 
error (counting error uncertainty) of the measurements of U, Th, and Pb. The uncertainties in U, 
Th, and Pb content were used to solve the age equation for τ to obtain a maximum and minimum 
date for each point. These maximum and minimum values were used to calculate an error for the 
date of each point.  
𝑃𝑏 =
𝑇ℎ
232
[exp(λ232τ) − 1]208 +
𝑈
238.04
0.9928[exp(𝜆238𝜏) − 1]206 +
𝑈
238.04
0.0072[exp(𝜆235𝜏) − 1]207            (Equation 2.1) 
Occasionally, an analyzed point has a chemical content vastly different from the other 
points or from the background point and is thus not representative of the domain analyzed; these 
points were omitted. A minimum of three points is needed in order to produce a meaningful date 
of a domain, such that if more than three points needed to be omitted then the entire analysis of 
that domain is discarded. The date of each domain was calculated based on the date and error of 
each individual analysis point using the method used in the Isoplot Excel plug-in (Ludwig 2012; 
Dr. Mike Williams personal communication 2016). The date calculated for each domain is 
roughly equivalent to the average of the dates of all points in a domain weighted by the inverse 
of the uncertainty of each point. The error for the date of each domain was calculated based on 
the short term random error (sigma) of the domain, mean square of weighted deviates (MSWD) 
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of the set of points, and student’s t factor for the 95% confidence interval and N-1 degrees of 
freedom (Equation 2.2; Dr. Mike Williams personal communication 2016). The Datcon program 
by was used to calculate dates from analyses obtained at UMass (Williams 2016). Dates 
calculated from analyses obtained at UMaine were calculated using an Excel spreadsheet created 
by Dr. Martin Yates in conjunction with the Isoplot Excel plug-in (Ludwig 2012). The errors for 
the dates of each domain should be regarded as a minimum error as they do not take into account 
short term systematic errors such as uncertainties in background measurement, variation in thin 
section coating, or uncertainties in calibration. See Williams et al. (2006) for a complete 
discussion of errors associated with electron microprobe monazite dating.  
𝐸𝑟𝑟𝑜𝑟 = 𝑆𝑡𝑢𝑑𝑒𝑛𝑡𝑠 𝑡 (95%) × 𝑠𝑖𝑔𝑚𝑎 × √𝑀𝑆𝑊𝐷              (Equation 2.2)  
The dates of domains, often from multiple populations in multiple samples interpreted as 
forming synchronously and representing the same geologic event based on chemistry and 
petrologic context, were then used to calculate the ages of geologic events. In summary, a “date” 
refers to how old an individual domain is, while an “age” refers to the time at which a particular 
geologic event occurred.   
2.5 Chemical Analysis of Other Minerals  
In addition to monazite, other minerals present in the samples studied were quantitatively 
analyzed by WDS using the Cameca SX 100 at UMaine. These minerals include garnet, 
orthopyroxene, biotite, cordierite, spinel, ilmenite, magnetite, apatite and xenotime. All samples 
were carbon coated prior to analysis. Table 2.4 gives the column conditions for the analysis of all 
minerals other than monazite. Table 2.5 gives the crystal configuration and standards used for all 
chemical analyses except for xenotime analyses, which are found in Table 2.3. Maps of the 
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minerals garnet and orthopyroxene were also produced. Column conditions used for mapping 
were a 15 kV accelerating voltage, 250 nA current, and a focused beam. The dwell time was 
varied based on the size of the grains. Quantitative analyses of all minerals were obtained along 
with analysis of an internal standard to ensure quality of results unless otherwise stated. Iron was 
assumed to be all Fe2+ unless otherwise stated.   
 Garnet, Biotite, Corderite, 
Orthoyroxene, Oxides  
Apatite Xenotime 
Accelerating Voltage 15 kV 15 kV 25 kV 
Beam Current 10 nA 10 nA 10 nA 
Spot size  5 µm 10 µm 5 µm 
Table 2.4. Table of column conditions for quantitative mineral analyses other than monazite. 
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Element Line Crystal Standard Minerals 
Mg Kα LTAP Pyrope Grt 
Na Kα LTAP(grt) PC0 (Bt, Ap) Tugtupite Grt, Bt, Ap 
Al Kα TAP Almandine Grt 
Si Kα TAP Almandine Grt 
Y  Lα LPET YAG Grt 
Ca Kα LPET Diopside Grt, Bt, Crd, Opx 
Ti Kα LLIF Rutile Grt, Bt, Crd, Opx, Oxide 
Fe Kα LLIF Almandine Grt, Bt, Crd, Opx 
Mn Kα LLIF Rhodonite Grt, Bt, Crd, Opx, Oxide, Ap 
Cr Kα LLIF Cr2O3 Grt, Bt, Crd, Opx, Oxide 
F  Kα PC0 Polylithionite Bt 
Mg Kα LTAP Diopside  Bt, Crd, Opx, Ap 
Al Kα LTAP Anorthite  Bt 
Si Kα LTAP(Bt) TAP (Opx) Diopside  Bt, Opx 
K  Kα LPET Sanidine Bt, Crd, Opx 
Cl Kα LPET Tugtupite Bt, Ap 
Ba Lα LLIF Barite Bt 
Si Kα TAP Plagioclase Crd 
Al Kα TAP Plagioclase Crd 
Na Kα LTAP Albite Crd 
Na Kα LTAP Jadeite  Opx 
Al Kα TAP Sanidine  Opx 
Al Kα TAP Spinel Oxide 
Mg Kα TAP Spinel  Oxide 
Sn Lα LPET Cassiterite  Oxide 
Nb Lα LPET LiNbO3  Oxide 
Zr Lα LPET Zirconia  Oxide 
V  Kα LLIF V Oxide 
W  Mα LTAP Scheelite Oxide 
Ta Mα LTAP LiTaO3 Oxide 
Zn Kα LLIF Willemite  Oxide 
Fe Kα LLIF Magnetite Oxide, Ap 
F  Kα PC0 Apatite  Ap 
P  Kα LPET Apatite  Ap 
Si Kα LTAP Albite  Ap 
Ca Kα LPET Apatite Ap 
S  Kα LPET Barite  Ap 
Y  Lα LTAP YPO4  Ap 
La Lα LPET LaPO4 Ap 
Ce Lα LPET CePO4 Ap 
Nd Lβ LLIF NdPO4 Ap 
Yb Lα LLIF YbPO4 Ap 
Table 2.5. Table of crystal configuration and standards used for analyses of minerals other than 
monazite or xenotime at UMaine. Grt = Garnet, Bt = Biotite, Ap = Apatite, Crd = Cordierite, 
Opx = Orthopyroxene.   
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2.6 Monazite-Xenotime Geothermometry  
 Monazite in equilibrium with xenotime can be used as a geothermometer based on the 
temperature dependence of the Y + HREE content in monazite and xenotime (Gratz and Heinrich 
1997; Gratz and Heinrich 1998; Spear and Pyle 2002; Seydoux-Guillaume et al. 2002; Daniel 
and Pyle 2006). Temperature was calculated for monazite domains in contact with xenotime 
using three different calibrations: Gratz and Heinrich (1997), Gratz and Heinrich (1998), and 
Seydoux-Guillaume et al. (2002). The thermometer of Gratz and Heinrich (1997) is an 
experimental calibration of the variation in monazite Y content with temperature in the CePO4-
YPO4 system. The thermometer of Gratz and Heinrich (1998) is an experimental calibration of 
XGd (Gd/REE) partitioning between monazite and xenotime as a function of temperature in the 
YPO4-CePO4-GdPO4 system. The thermometer of Seydoux-Guillaume et al. (2002) is an 
experimental calibration in a ThSiO4-CePO4-YPO4 system and is ideal for use with monazite 
domains with ca.10 wt % Th. The uncertainty for the thermometers of Gratz and Heinrich 
(1998), and Seydoux-Guillaume et al. (2002) is ± 50 ˚C. Gratz and Heinrich (1997) do not give 
the uncertainty associated with their thermometer.  
2.7 Titanium in Biotite Geothermometry 
 The Ti content and X Mg (Mg/(Mg+Fe) of biotite can be used as a single mineral 
geothermometer (Henry et al. 2005). The calibration of Henry et al. (2005) is used here to 
calculate temperature in rocks containing biotite. This is an empirical calibration based on 
natural biotite samples, and is used in silica-saturated metapelites where biotite is in equilibrium 
with ilmenite or rutile, Al rich phases, quartz, and graphite at pressure conditions of around 4-6 
kbar. The uncertainty on this calibration is ± 24 ˚C at temperatures less than 600 ˚C and ± 12 ˚C 
at temperatures over 700 ˚C.  
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2.8 Standard Analysis  
 Standards with a known age were dated before and/or after each dating session to ensure 
accuracy. For analyses at UMass the Moacyr monazite standard with a TIMS date of 506 Ma 
was used. At UMaine the Elk Mountain monazite standard was used, which has a date of 1395 
Ma determined by TIMS as well as by electron microprobe dating. Analyses of the Moacyr 
monazite standard were mostly within error of the accepted value (Fig. 2.3 and Table 2.6). The 
exceptions are the analyses on 8/18/2016 and on 1/30/2017 which both gave slightly older dates. 
Analyses of the Elk Mountain standard were consistently younger than the accepted value but 
remained mostly consistent with each other at ca. 1350 Ma (Fig. 2.4 and Table 2.7). The 
exception is the analysis on 3/22/2016, which gave a date of 1236 ± 19 Ma. This anomaly is 
most likely the result of an unfocused beam.  
 
Figure 2.3. Histograms of the dates of the Moacyr monazite standard obtained during analyses 
for this thesis at UMass. 
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Date Error   
506  TIMS (accepted value) 
508 7 Moacyr 8-16-2016 
505 4.4 Moacyr 8-16-2016-post 
503 3.8 Moacyr 8-17-2016 
509 8.4 Moacyr 8-17-2016-post 
519 5.2 Moacyr 8-18-2016 
506 5 Moacyr 8-18-2016-post 
500 6.2 Moacyr 8-24-2016 
509 5.4 Moacyr 8-24-2016-post 
508 5.6 Moacyr 11-25-2016 
506 1.8 Moacyr 11-25-2016-post 
512 1.8 Moacyr-1-30-2017 
505 3.6 Moacyr-1-31-2017 post 
Table 2.6. Dates and 2 sigma errors of the Moacyr standard obtained during analyses for this 
thesis at UMass.  
 
 
Figure 2.4. Histograms of the dates of the Elk Mountain Monazite Standard obtained during 
analyses for this thesis at UMaine.  
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Date Error  
1395  TIMS 
1344 28 Elk Mountain 3-14-2017 
1351 20 Elk Mountain 3-15-2017 
1359 22 Elk Mountain 3-21-2017 
1236 19 Elk Mountain 3-22-2017 
1354 20 Elk Mountain 3-23-2017  
Table 2.7. Dates and 2 sigma errors of the Elk Mountain Monazite standard obtained during 
analyses for this thesis at UMaine. 
 
2.9 UMass-UMaine Date Comparison 
 The Cameca SX Ultrachron at UMass was specifically designed for monazite dating and 
has been used for monazite dating for several years. Its accuracy has been confirmed by analyses 
of numerous standards dated with isotopic techniques. The Cameca SX 100 at UMaine was not 
designed with monazite dating in mind, and has not consistently performed monazite dating up 
until this project; the results have only been tested against one externally calibrated standard. As 
a result, the results from UMass are considered to be more precise and accurate compared to 
those from UMaine. In this section the chemistry and dates of domains dated at both UMass and 
UMaine are compared and conclusions are made regarding the utility of dates from UMaine.      
2.9.1 Comparison of Monazite Chemical Compositions Obtained at UMaine and UMass  
 The composition of five monazite domains were analyzed at both UMass and UMaine in 
order to assess the reproducibility of results between the two laboratories. Table 2.8 and Figures 
2.5 and 2.6 show the comparison in terms of weight percent of selected elements for domains 
analyzed at both facilities. Figure 2.7 shows the comparison of Th +U, HREE + Y and LREE on 
a ternary diagram. Figure 2.8 shows the impact of the difference on the relative importance of the 
huttonite and cheralite substitutions.  
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 The differences in chemical content between facilities follow a predictable pattern. 
Phosphorus, Y, La, and Nd content measured at UMaine are consistently lower compared to 
UMass whereas Th, U, and Pb content measured at UMaine are consistently higher compared to 
UMass. Overall, LREE and Y + HREE content measured at UMaine are higher than what was 
measured at UMass (Fig. 2.7). Whether domains were analyzed at UMaine or UMass did not 
significantly affect the degree to which Th and U are incorporated by the huttonite or cheralite 
substitution (Fig. 2.8).    
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123102A m4p1          
 P2O5 ThO2 UO2 Y2O3 La2O3 Ce2O3 Nd2O3 PbO Total 
UMass  26.82 11.93 0.06 0.60 12.14 27.06 12.62 0.27 100.15 
Umass stdev 0.10 0.08 0.01 0.01 0.07 0.07 0.05 0.00  
UMaine 26.63 14.59 0.14 0.45 11.70 26.78 11.71 0.34 101.31 
UMaine stdev 0.36 0.07 0.01 0.01 0.13 0.22 0.15 0.00  
          
123102A m4p2          
 P2O5 ThO2 UO2 Y2O3 La2O3 Ce2O3 Nd2O3 PbO Total 
UMass 28.44 8.97 0.08 3.57 11.84 26.09 11.77 0.20 100.44 
UMass stdev 0.25 0.27 0.01 0.32 0.13 0.31 0.27 0.01  
UMaine 28.22 10.76 0.11 3.26 11.56 25.98 10.93 0.27 101.21 
UMaine stdev 0.52 0.37 0.02 0.10 0.19 0.30 0.20 0.01  
          
011602A m1p4          
 P2O5 ThO2 UO2 Y2O3 La2O3 Ce2O3 Nd2O3 PbO Total 
UMass 30.10 6.35 0.39 0.29 14.89 28.90 11.63 0.30 100.99 
UMass stdev 0.18 0.07 0.01 0.01 0.05 0.04 0.03 0.00  
UMaine 28.90 7.28 0.55 0.19 14.33 28.94 10.57 0.39 99.99 
UMaine stdev 0.36 0.09 0.02 0.03 0.26 0.42 0.18 0.01  
          
011602A m20p7          
 P2O5 ThO2 UO2 Y2O3 La2O3 Ce2O3 Nd2O3 PbO Total 
UMass 29.81 6.72 0.32 0.56 14.33 28.22 11.67 0.17 100.19 
UMass stdev 0.07 0.04 0.01 0.02 0.06 0.13 0.10 0.00  
UMaine 28.75 7.99 0.45 0.40 13.83 28.50 10.71 0.22 99.48 
UMaine stdev 0.49 0.09 0.01 0.03 0.20 0.30 0.13 0.00  
          
122902 m13p2          
 P2O5 ThO2 UO2 Y2O3 La2O3 Ce2O3 Nd2O3 PbO Total 
UMass 30.57 5.32 0.33 2.25 13.63 27.91 11.64 0.27 101.44 
UMass stdev 0.11 0.17 0.03 0.06 0.04 0.22 0.06 0.01  
UMaine 30.17 6.01 0.40 2.15 12.75 26.80 10.39 0.33 99.24 
UMaine stdev 0.61 0.24 0.04 0.12 0.10 0.14 0.16 0.02  
Table 2.8. Comparison table of chemical content of certain elements in wt % oxide of 
representative monazite domains analyzed both at UMaine and UMass. 
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Figure 2.5. Comparison of chemical content of domains analyzed at both UMass and UMaine 
for the elements P, Th, La, Ce, and Nd.  
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Figure 2.6. Comparison of chemical content of domains analyzed at both UMass and UMaine 
for the elements U, Y, and Pb.  
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Figure 2.7 Ternary diagram illustrating comparison of monazite domains analyzed at both 
UMaine and UMass (atomic proportions). Arrows shows direction of change in UMaine analyses 
relative to UMass analyses. 
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Figure 2.8. Plot comparing monazite compositions measured at UMaine and UMass in terms of 
cations per 16 O. Lines correspond to the ideal huttonite and cheralite substitutions for 
incorporation of Th and U. Arrows shows direction of change in UMaine analyses relative to 
UMass analyses. 
 
2.9.2 Comparison of Monazite Dates Obtained at UMaine and UMass 
 Five domains were dated at both UMass and UMaine to determine to what extent 
UMaine could reproduce the results obtained at UMass. Figure 2.9 shows histograms of domains 
dated at both facilities; Table 2.9 shows a comparison between the dates and selected chemical 
data for the six domains dated at both facilities. Figure 2.10 shows that dates of monazite 
domains at UMaine are usually older than the dates from UMass. The errors on the dates at 
UMaine were also consistently and significantly higher than at UMass. Measured dates of the 
standard at UMaine were consistently younger than the accepted age of the standard (Fig. 2.4., 
Table 2.7.)  
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Figure 2.9. Histogram of the dates of monazite domains analyzed at both UMass and UMaine. 
MA stands for UMass and ME stands for UMaine.2 
Comparison 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) 
-m4p1- 528 ± 2.6 Ma MA 104815 487 2526 4711 
-m4p1- 529 ± 12 Ma ME 128250 1199 3140 3575 
-m4p2- 512 ± 6 Ma  MA 78809 682 1865 28083 
-m4p2-  571 ± 15 Ma ME 94604 946 2511 25705 
-m1p4- 910 ± 9 Ma MA 55828 3462 2789 2303 
-m1p4- 984 ± 18 Ma ME 63946 4889 3602 1506 
-m20p7- 519 ± 6.8 Ma  MA 59030 2854 1595 4430 
-m20p7- 547 ± 13 Ma ME 70204 4000 2049 3186 
-m13p2- 969 ± 8.8 Ma MA 46747 2933 2499 17751 
-m13p2- 1042 ± 38 Ma ME 52860 3497 3075 16893 
Table 2.9. Table of the dates, 2 sigma errors, and chemistry of monazite domains analyzed at 
both UMass and UMaine.  
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Figure 2.10. Plot of dates of 5 domains analyzed at UMass and UMaine. Line is 1:1. The dates 
obtained at UMaine are usually older than those obtained at UMass.  
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As expected, there is significantly more confidence in the results from UMass than those 
from UMaine, and the utility of the results from UMaine is severely limited. Due to the poor 
agreement of dates at UMaine with both the standard and dates of domains already dated at 
UMass, the dates from UMaine are not considered to be sufficiently reliable to date metamorphic 
events. Only dates of domains measured at UMass will be used to draw conclusions and 
calculate ages of metamorphic events in this work. The probe at UMaine is, however, able to 
reliably distinguish between Cambrian and Neoproterozoic ages.    
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CHAPTER 3 
SAMPLE DESCRIPTIONS AND INTERPRETATIONS  
 
 Analysis of samples in thin section is important for relating pressure, time, temperature 
and deformation. Interpretations of the mineralogy, petrology, and microstructures of samples 
can be made in order to tie dates obtained on monazite domains to the formation of a specific 
mineral assemblage or texture. Mineral assemblages or textures are in turn indicative of the 
pressure, temperature and deformational conditions of a particular metamorphic event. All 
thirteen samples analyzed in this work are described in Section 3.1. Textures revealed by 
petrographic observations are compared with textures from the literature on the petrology of the 
Larsemann Hills in Section 3.2 in order to link textures to pressure and temperature conditions.  
3.1 Sample Descriptions 
  Each sample used for monazite dating is described in this section. Photomicrographs of 
important textures in each thin section are included. Tables 3.1 – 3.4 summarize the mineralogy 
of each sample.   
3.1.1 Lake Ferris and Stüwe Metapelites 
Sample 123102A is a migmatite consisting of quartz and potassium feldspar leucosomes 
and cordierite-rich restite (Fig. 3.1). The thin section mostly consists of the restite. Cordierite 
(0.5-4 mm) constitutes a majority of the matrix with subordinate quartz and potassium feldspar. 
Most cordierite grains exhibit well-defined twinning and minor alteration to pinite along grain 
boundaries. Potassium feldspar displays a microperthitic texture and quartz exhibits undulose 
extinction. Biotite and sillimanite occur locally where they define a weak foliation and are 
commonly either partially surrounded within cordierite or included within cordierite. Sillimanite 
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is also locally altered to secondary andalusite. Relict xenoblastic garnet grains are mostly 
included within cordierite (Fig. 3.2). Magnetite and hercynite are common and often occur 
together. Aggregates of small (~30 µm) ilmenite grains occur near larger (~0.5 mm) biotite 
grains. Monazite occurs within the cordierite matrix.  
Sample 011602A is a fine to medium-grained (0.25-4 mm) foliated gneiss. Quartz, 
potassium feldspar, garnet, sillimanite, and hercynite are visible in hand sample. In thin section, 
the main matrix material is quartz, which constitutes about two-thirds of the thin section. Quartz 
displays undulose extinction and microfracturing. Other major phases are potassium feldspar, 
biotite, garnet, sillimanite, and hercynite. Preferred orientation of biotite and sillimanite define a 
foliation. Garnet is mostly xenoblastic and contains inclusions of quartz. Hercynite is dark green 
to opaque in thin section and exhibits magnetite exsolution; grains attain 1 cm in length (Fig. 
3.3). It is elongated along the foliation defined by biotite and sillimanite and is commonly 
intergrown with quartz and has a skeletal texture. Coronas of cordierite isolate hercynite from 
quartz. These coronas are slightly altered to pinite. Skeletal hercynite contains or surrounds 
grains of sillimanite and garnet. Garnet and sillimanite rarely contact hercynite and are almost 
always separated from hercynite by quartz or a cordierite corona. Monazite is abundant and 
occurs both in the matrix and as in inclusions within biotite, garnet, hercynite, and the cordierite 
corona. 
 Sample 011702I1 is a medium-grained (0.5-2 mm) gneiss with a matrix consisting of 
mostly quartz, plagioclase feldspar, and potassium feldspar (0.5-2 mm). Quartz displays 
undulose extinction and both feldspars exhibit sericite alteration. Potassium feldspar has a very 
distinct microperthitic texture. Biotite and sillimanite are plentiful and their preferred orientation 
defines a foliation. Garnet porphyroblasts contain inclusions of quartz and sillimanite, and range 
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from idioblastic to xenoblastic. Cordierite occurs both as grains in the matrix and as a 
symplectite with quartz in contact with garnet and sillimanite (Fig. 3.4). Cordierite displays 
twinning where fresh, but is heavily altered to pinite in the symplectite and along microfractures 
and grain boundaries. Illmenite is commonly found in or around cordierite and in the matrix.   
 
Figure 3.1. Photograph of a migmatite with a cordierite-rich restite and quartz and potassium 
feldspar rich leucosomes in metapelite sample 123102A. Dark colored mineral is cordierite and 
the light colored minerals are potassium feldspar and quartz.   
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Figure 3.2. Photomicrograph of relic garnet grains included within cordierite with well-defined 
twinning (crossed polarized light, metapelite sample 123102A). The garnet grains are thinner 
than the thin section and surrounding cordierite gives patches of apparent anisotropy.  
 
 
Figure 3.3. Photomicrograph of a skeletal hercynite grain surrounding sillimanite and garnet 
grains (plane polarized light, metapelite sample 011602A). A cordierite corona rims hercynite.  
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Figure 3.4. Photomicrograph of garnet breaking down into a cordierite-quartz symplectite 
(crossed polarized light, metapelite sample 011702I1). 
 
Sample No. 123102A 011602A 011702I1 
Quartz x x x 
Potassium Feldspar x x x 
Plagioclase Feldspar   x 
Biotite x x x 
Sillimanite x x x 
Andalusite t   
Garnet t x x 
Cordierite x t x 
Pinite t t t 
Hercynite x x  
Corundum t   
Magnetite x t  
Ilmenite x t x 
Rutile t t t 
Pyrite  t  
Zircon t t t 
Monazite t t t 
Table 3.1. Minerals present in metapelite samples. “x” indicates that the mineral is present and 
“t” indicates that the mineral is only present in trace amounts.  
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3.1.2 Allison Quartzofeldspathic Gneiss 
 Sample 011701B1 is a medium-grained (0.5-5 mm) quartz, biotite, garnet and apatite 
bearing gneiss containing 1-2 cm garnet poikiloblasts. Quartz displays undulose extinction and 
evidence of grain boundary migration and subgrain rotation. One of the poikiloblasts is visible in 
thin section and has numerous inclusions of quartz and zircon as well as a few monazite grains 
(Fig. 3.5). Smaller 1-3 mm subidioblastic garnet grains are also present throughout the sample. 
Biotite is present throughout the sample but is most abundant near the large garnet poikiloblast, 
where it shows preferred orientation. Biotite is locally split along its cleavage planes where it is 
infilled with monazite. The matrix is locally dominated by large (1-5 mm) grains of apatite. 
Selvages of monazite commonly occur between these grains (Fig. 3.6). Garnet and biotite rarely 
come in contact with each other and are separated by a yellow corona of pinite, most likely 
altered from cordierite. The corona contains lathes of ilmenite and rutile.  
 Sample 011702J is a medium-grained (1-3 mm) quartz and plagioclase feldspar gneiss. 
Quartz displays undulose extinction and exhibits grain boundary migration. Plagioclase feldspar 
shows some fracturing at the microscale. It is relatively fresh with little alteration to sericite. 
Biotite is present throughout the sample and its preferred orientation defines a foliation. Ilmenite 
and potassium feldspar occur around the biotite. Garnet is present locally in a band of idioblastic 
to subidioblastic grains that runs parallel to the foliation in the center of the thin section. The 
garnet contains few inclusions of quartz and biotite. Cordierite occurs in two microstructural 
contexts: in a band parallel to the foliation along with ilmenite and sillimanite (Fig. 3.7), and as 
grains in contact with garnet. Cordierite displays twinning and is heavily altered to pinite along 
microfractures and grain boundaries. Sillimanite is present locally in the matrix, but is most 
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abundant within the band of cordierite; preferred orientation of sillimanite prisms defines a 
lineation. 
 Sample 011702L2 contains an orthopyroxene poikiloblast 1.5 cm across. The poikiloblast 
is pleochroic, shows minor alteration and contains inclusions of quartz (1-3 mm; Fig. 3.8). 
Quartz (1 mm - 1 cm) is the primary matrix material outside of the poikiloblast and displays 
undulose extinction. Biotite is present outside of the poikiloblast and its partial preferred 
orientation forms an indistinct foliation. Aggregates of idioblastic and subidioblastic garnet and 
apatite grains are present locally. Monazite (up to 1 mm) is relatively abundant and concentrated 
in a line of grains parallel to foliation.   
 
 
Figure 3.5. Photomicrograph of a garnet poikiloblast with inclusions of quartz, biotite, and 
monazite (plane polarized light, Allison Quartzofeldspathic Gneiss sample 011701B1). 
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Figure 3.6. Photomicrograph of monazite selvages between apatite grains (crossed polarized 
light, Allison Quartzofeldspathic Gneiss sample 011701B1).   
 
Figure 3.7. Photomicrograph of two large monazite grains in and around an elongate band of 
cordierite which has been extensively altered to pinite (crossed polarized light, Allison 
Quartzofeldspathic Gneiss sample 011702J).  
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Figure 3.8. Photomicrograph of an orthopyroxene poikiloblast with inclusions of quartz (several 
at extinction) and monazite (cross polarized light, Allison Quartzofeldspathic Gneiss sample 
011702L2). Quartz and an apatite aggregate are present in the matrix at the right side of the 
photo.  
 
Sample No. 011701B1 011702J 011702L2 
Quartz x x x 
Plagioclase Feldspar  x  
Potassium Feldspar  t  
Apatite x  x 
Biotite x x x 
Sillimanite  t  
Garnet x x x 
Orthopyroxene   x 
Cordierite  t  
Pinite t x  
Muscovite  t  
Ilmenite t t  
Rutile t t  
Zircon t t t 
Monazite t t x 
Table 3.2. Minerals in the Allison Quartzofeldspathic Gneiss. “x” indicates that the mineral is 
present and “t” indicates that the mineral is only present in trace amounts. 
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3.1.3 Stornes Gneiss 
 The Stornes Gneiss is a plagioclase-biotite gneiss which hosts several segregation. Both 
samples of Stornes Gneiss studied in this thesis are of the segregations. Sample 121401C is a 
cordierite-biotite-hercynite-monazite-xenotime segregation. The matrix is composed almost 
entirely of cordierite. Cordierite occurs as a large several-cm long poikiloblast or aggregate, and 
as smaller ~0.5 mm randomly oriented grains. It is unclear whether the cordierite in the former 
occurrence is one large poikiloblast or an aggregate of smaller similarly oriented grains. Both 
varieties display twinning. Other abundant minerals are biotite, hercynite, xenotime, and 
monazite. Biotite preferred orientation defines a foliation. Some xenotime grains (up to 3 mm) 
are euhedral and are clearly distinguishable in hand sample. Other xenotime grains are anhedral 
and occur in aggregates along with monazite (Fig. 3.9). Pleochroic halos occur around monazite 
and xenotime inclusions in cordierite.  
 Sample 012104B contains a phosphate segregation, which is separated from the host by 
an aggregate about 2 cm across of coarse-grained (1-2 cm) quartz (Fig. 3.10). The center of the 
segregation is composed of an aggregate of cinnamon-colored subhedral apatite grains (1-7 mm). 
The aggregate is rimed by an aggregate of wagnerite grains (1-2 mm). Monazite and xenotime 
grains (~1 mm) are abundant along the wagnerite rim. The apatite grains contain inclusions of 
monazite, rutile and tourmaline. Xenotime occurs in selvages between apatite grains.  
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Figure 3.9. Photomicrograph of monazite and xenotime in aggregates in a matrix of cordierite 
with subordinate biotite and hercynite (crossed polarized light, Stornes Gneiss sample 121401C). 
 
Figure 3.10. Photomicrograph of the boundary between apatite and quartz in a phosphate 
segregation. (plane polarized light, Stornes Gneiss sample 012104B1). Wagnerite, xenotime, and 
monazite occur along this boundary.  
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3.1.4 Tassie Tarn Metaquartzite 
 Sample 123106 is a dark colored (in hand sample), magnetic, medium-grained (0.5-3 
mm), granular magnetite-biotite quartzite (Fig. 3.11). Quartz grains display undulose extinction, 
and show evidence for grain boundary migration. Biotite has no preferred orientation and 
displays light brown to slightly green pleochroism. Magnetite contains inclusions of corundum. 
Magnetite is almost always rimed by a micron-scale cordierite corona. Cordierite is typically 
associated with biotite and magnetite. The cordierite does not display twinning and is mostly 
altered to pinite.    
 
Figure 3.11. Photomicrograph of Tassie Tarn Metaquartzite sample 123106 (plane polarized 
light). Quartz, biotite, and magnetite make up to bulk of the matrix. Cordierite touches magnetite 
and is mostly altered to pinite.   
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3.1.5 Søstrene Orthogneiss  
 Sample 122902 (Søstrene Orthogneiss) is a tan colored (in hand sample) fine to medium-
grained (0.25-2 mm) orthogneiss. The major minerals are plagioclase feldspar, potassium 
feldspar and quartz. Both feldspars exhibit sericite alteration. Myrmerkite occurs throughout the 
sample. Potassium feldspar lacks twinning and has a microperthitic texture. Quartz is typically 
anhedral and exhibits undulose extinction. A foliation is locally defined by bands of garnet and 
biotite (Fig. 3.12). Garnet is subidioblastic and contains a few inclusions of biotite, zircon and 
monazite. Biotite is locally altered to chlorite, ilmenite, rutile and iron oxides.  
 
Table 3.3. Minerals present in samples of the Stornes Gneiss, Tassie Tarn Metaquartzite, and 
Søstrene Orthogneiss. “x” indicates that the mineral is present and “t” indicates that the mineral 
is only present in trace amounts. 
 
Sample No.  121401C 012104B 123106 122902 
Quartz  x x x 
Plagioclase Feldspar    x 
Potassium Feldspar    x 
Apatite  x x  
Biotite x  x x 
Sillimanite t    
Garnet    x 
Cordierite x  t  
Pinite   t  
Hercynite x    
Corundum   t  
Magnetite t  x  
Ilmenite  t   t 
Rutile  t  t 
Pyrite    t 
Tourmaline  t   
Wagnerite  x   
Zircon   t t 
Xenotime x x   
Monazite x x t t 
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Figure 3.12. Photomicrograph of bands rich in biotite and garnet defining a foliation in a matrix 
of quartz and both feldspars (plane polarized light, Søstrene Orthogneiss sample 122902). 
 
3.1.6 D2&3 Pegmatites 
 Sample 112801F is a pegmatite that consists of a medium-grained (1-5 mm) graphic 
intergrowth of anhedral quartz and cordierite with minor plagioclase (Fig. 3.13). Quartz exhibits 
undulose extinction and some smaller (0.5 mm) grains are recrystallized. Cordierite contains 
minor tourmaline and pyrite inclusions and locally exhibits twinning. It is fresh in the interior of 
grains but is heavily altered along grain boundaries to pinite, biotite, and sericite. Plagioclase is 
heavily altered to sericite.  
 Sample 112901 is a pegmatite that consists of a medium to coarse-grained (1-8 mm) 
graphic intergrowth of anhedral quartz and tourmaline (Fig. 2.14). Quartz exhibits undulose 
extinction and grain boundary migration. Tourmaline is black in hand sample and olive green in 
thin section. Tourmaline exhibits zoned pleochroism in various shades of olive green, with blue 
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towards the edge of some grains. Apatite is locally present in the intergrowth. Monazite is 
present in both the intergrowth and included in apatite. Xenotime is also included in apatite.  
 
 
Figure 3.13. Photomicrograph of intergrowth of quartz and cordierite (plane polarized light, 
D2&3 Pegmatite sample 112801F). Cordierite is altered to pinnite and biotite along grain edges. 
The opaque mineral is most likely pyrite.  
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Figure 3.14. Photomicrograph of intergrowth of quartz and tourmaline (plane polarized light, 
D2&3 Pegmatite sample 112901). 
 
3.1.7 D4 Pegmatites 
 The matrix of sample 011603A1 consists primarily of medium grained (1-5 mm) 
microcline, with lesser quartz and plagioclase feldspar. Other major minerals are biotite, 
sillimanite, hercynite and magnetite. Both feldspars show extensive alteration and quartz 
displays undulose extinction and shows evidence of recrystallization during grain boundary 
migration. Biotite is commonly found near hercynite; it is brown in color in thin section and is 
widely altered to chlorite. Chlorite is light green to deep green in color in thin section, slightly 
pleochroic, and contains rutile needles. Sillimanite is elongate, occurs in somewhat radial 
aggregates, and is heavily altered to muscovite. Hercynite displays exsolution lamellae of 
magnetite, and magnetite and corundum grains are usually in contact with it.  
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Mineral 112801F 112901 011603A1 
Quartz x x x 
Tourmaline t x  
Potassium Feldspar   x 
Plagioclase Feldspar t  x 
Apatite  x t 
Biotite t  x 
Chlorite   t 
Sillimanite   x 
Cordierite x   
Magnetite   x 
Hercynite   x 
Corundum   t 
Pyrite t   
Muscovite t  t 
Ilmenite   t 
Zircon t  t 
Xenotime  t  
Monazite t t t 
Table 3.4. Table of minerals present in samples of pegmatites. “x” indicates that the mineral is 
present and “t” indicates that the mineral is only present in trace amounts. 
 
3.2 Interpretation 
 Leucosome and restite formation in the Larsemann Hills is interpreted to have formed as 
a result of decompression immediately following peak conditions at 4.5 kbar and 750 ˚C (Carson 
et al. 1997). Many of the textures in the metamorphic rocks can be attributed to decompression 
and cooling on the retrograde path, whereas few are interpreted to result from crystallization at 
peak conditions. The cordierite in the restite in sample 123102A likely formed at the expense of 
garnet since garnet only occurs as small anhedral grains isolated in cordierite. The skeletal 
hercynite in the quartz matrix in sample 011602A is similar to the lobate intergrowths of spinel 
and quartz interpreted to have formed as a result of decompression at ~4.5 kbar and ~775 ˚C by 
Fitzsimons & Harley (1991,1992) and Ren et al. (1992). The cordierite coronas on hercynite are 
interpreted to represent further retrograde evolution. The cordierite-quartz symplectite in contact 
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with garnet in sample 011702I1 likely represent the breakdown of garnet. Stüwe and Powell 
(1989a) determined that garnet began to break down to cordierite at 3 kbar and 600 °C in the 
Larsemann Hills.   
 In the Allison Quartzofeldspathic Gneiss, monazite selvages between apatite grains in 
sample 011701B1 likely formed as a result of rare earth element exsolution and migration to 
apatite grain boundaries during decompression and cooling. In sample 011702J, the quartz-
cordierite symplectite in contact with garnet and strings of cordierite enclosing ilmenite and 
sillimanite are interpreted to be decompression textures. The orthopyroxene and garnet in sample 
011702L2 likely represent the peak assemblage; the presence of orthopyroxene only becomes 
stable in metapelite at high grade conditions (Spear 1993). Peak conditions were determined by 
Carson et al. (1997) based on a similar assemblage to be 7.5 kbar and 800 ˚C.  The phosphate 
segregations in the Stornes Gneiss such as in sample 012104B were interpreted by Grew et al. 
(2006, 2007) to have formed at either peak conditions or during the earliest stages of 
decompression at 6-7 kbar and 800-860 ˚C. The cordierite segregation of sample 121401C is also 
interpreted as forming at either peak conditions or earlier retrograde conditions due to lack of 
evidence for subsequent reactions.  
 Primary crystallization features dominate the textures of the pegmatites. The graphic 
intergrowth of quartz and tourmaline is sample 112901 is identical to that described by Wadoski 
et al. (2011), who inferred the intergrowth to have formed during primary crystallization of the 
pegmatite. The graphic intergrowth of cordierite and quartz sample 112801F is a similar texture 
to that found in sample 112901, and thus could be interpreted to represent primary 
crystallization. The pinite and biotite alteration along the edge of cordierite and recrystallization 
of quartz is interpreted to be indicative of subsequent hydration. Sample 011603A1 also shows 
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evidence for both primary crystallization textures as well as evidence for subsequent alteration. 
Potassium feldspar, hercynite, sillimanite and brown biotite are interpreted to represent primary 
crystallization textures. Chlorite with exsolution of rutile represents the breakdown of biotite, 
and muscovite replacing sillimanite is evidence for hydration. The undulose extinction and 
evidence for recrystallization in quartz show that the pegmatites have undergone deformation 
after primary crystallization.  
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CHAPTER 4 
RESULTS OF CHEMICAL ANALYSES AND GEOTHERMOMETRY 
 
This chapter presents the results of quantitative electron microprobe chemical analyses 
using wavelength dispersive spectroscopy (WDS) of monazite and other minerals in the samples 
dated by electron microprobe (Ch. 5). In addition, results of monazite-xenotime geothermometry 
are presented. Quantitative chemical analysis of monazite as well as of associated minerals is 
important in interpreting the geologic significance of monazite dates; for example, it allows us to 
relate the growth of a given domain to a particular stage in the metamorphic evolution (Dumond 
et al. 2015; Williams et al. 2017). The chemical composition of associated minerals provides 
important insight into the metamorphic history of the rocks and additional context for the dates 
of monazite domains.  
4.1 Monazite Chemical Composition 
 Over fifty monazite domains, defined as zones having a specific composition and age, 
were analyzed. Representative monazite analyses and formulae calculated on the basis of 4 
oxygens, (REE)PO4, are presented in Tables 4.1-4.8 in this chapter and tables of all monazite 
domains can be found in Appendix A. All monazite analyses are plotted in ternary diagrams 
showing the Y + HREE (Gd–Lu), Th + U, and LREE (La–Eu) contents of each domain (Figs. 
4.1-4.9 odd numbers). Thorium and U are incorporated in monazite either as phosphate, 
Ca(Th,U)(PO4)2, cheralite) or as silicate (Th,U)SiO4, huttonite) (Förster et al. 1998). Plots 
showing these substitutions are also included in this chapter (Figs. 4.2-4.10 even numbers). 
   The overall LREE content does not show much variation. The most abundant REE is Ce. 
All domains contain at least 20 wt % Ce2O3, and a few domains contain more than 30 wt % 
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Ce2O3. The next most abundant REEs are La and Nd; La2O3 and Nd2O3 exceed 10 wt % in most 
domains. Nd2O3. Pr2O3, Sm2O3, and Gd2O3 exceed 1 wt % in most domains. In contrast, the Th, 
U and Y content of monazite domains vary widely from one domain to another, even within a 
given sample and rock type. Thorium content ranges from 0.03 wt % ThO2 in domain m15p4 
found in selvages in-between apatite grains in sample 011701B1 to over 17.51 wt % ThO2 in 
domain m1p1 in a pegmatite intrusion (sample 011603A1). Grains typically contain >1 wt % 
ThO2; domains with over 10 wt % ThO2 are not uncommon. Uranium content ranges from less 
than 0.1 wt % UO2 to over 3 wt % UO2. The Th content and U content do not always correlate, 
and high values of one are not a predictor of high values of the other. Yttrium content ranges 
from 0.09 wt % Y2O3 in domain m8p6 in metapelite sample 011602A to 4.92 wt % Y2O3 in 
domain m8p1 (right) in a phosphate segregation in sample 012401B. 
 In the metapelite unit, some domains incorporate Th and U primarily by the huttonite 
substitution, whereas in others they are incorporated by both the cheralite and huttonite 
substitutions (Fig. 4.2). In the Allison Quartzofeldspathic Gneiss, Th and U are incorporated 
exclusively or mostly by the cheralite substitution in all domains except for the domains of 
population 4 in sample 011702J, in which both substitutions are present (Fig. 4.4). Several 
domains in the Stornes Gneiss and Tassie Tarn Metaquartzite plot below the cheralite line (Fig. 
4.6). This is likely a result of S + (Ca, Sr) substituting for P + REE (Krenn et al. 2011). The 
domains the farthest from the cheralite line tend to have the largest S content. In the Søstrene 
Orthogneiss, some domains incorporate Th and U mostly by the cheralite substitution while other 
incorporate Th and U by both substitutions (Fig. 4.8). In the pegmatites, Th and U are 
incorporated by almost exclusively by the cheralite substitution (Fig. 4.10).      
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Sample 123102A 123102A 011602A 011602A 011702I1 011702I1 011702I1 
Domain m4 p1 m4 p2 m2 p3 m20 p7 m4 p1 m7 p2 m11 p4 
Location MA MA MA MA MA MA MA 
Wt %        
SO3 0.02 0.02 0.03 0.01 0.02 0.02 0.03 
P2O5 26.82 28.44 30.27 29.81 30.04 26.84 30.20 
As2O5 0.02 0.07 0.03 0.00 0.06 0.05 0.00 
SiO2 1.97 1.43 0.09 0.37 0.23 1.81 0.47 
ThO2 11.93 8.97 4.99 6.72 4.71 15.05 5.84 
UO2 0.06 0.08 0.88 0.32 0.31 0.29 0.22 
Al2O3 - - - - - - - 
Sc2O3 - - - - - - - 
Y2O3 0.60 3.57 1.54 0.56 0.93 0.25 1.93 
La2O3 12.14 11.84 14.10 14.33 13.43 9.19 11.18 
Ce2O3 27.06 26.09 27.90 28.22 29.12 23.84 26.18 
Pr2O3 3.06 2.90 2.92 2.99 3.23 3.01 3.00 
Nd2O3 12.62 11.77 11.42 11.67 12.75 13.58 12.77 
Sm2O3 1.70 1.66 1.95 2.04 2.24 2.52 2.77 
Eu2O3 0.07 0.08 0.30 0.12 0.07 0.05 0.07 
Gd2O3 1.05 1.41 1.79 1.38 1.73 1.50 3.44 
Tb2O3 0.01 0.09 0.11 0.06 0.07 0.00 0.27 
Dy2O3 0.25 0.86 0.71 0.28 0.46 0.17 1.13 
Ho2O3 0.02 0.11 0.00 0.00 0.00 0.02 0.03 
Er2O3 0.01 0.24 0.01 0.00 0.04 0.01 0.06 
Tm2O3 0.00 0.06 0.04 0.03 0.02 0.01 0.03 
Yb2O3 0.00 0.07 0.02 0.00 0.00 0.00 0.00 
Lu2O3 - - - - - - - 
MgO - - - - - - - 
CaO 0.48 0.47 1.17 1.10 0.82 1.25 1.02 
FeO - - - - - - - 
SrO 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
PbO 0.27 0.20 0.32 0.17 0.13 0.36 0.14 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Total 100.15 100.44 100.60 100.19 100.40 99.82 100.77 
Table 4.1. EMPA analyses of representative monazite domains the metapelite units, expressed as 
wt % oxide. 
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Sample 123102A 123102A 011602A 011602A 011702I1 011702I1 011702I1 
Domain m4 p1 m4 p2 m2 p3 m20 p7 m4 p1 m7 p2 m11 p4 
Location MA MA MA MA MA MA MA 
Cations per 4 
Oxygens 
       
S 0.001 0.001 0.001 0.000 0.000 0.000 0.001 
P 0.918 0.946 0.996 0.989 0.993 0.923 0.990 
As 0.000 0.001 0.001 0.000 0.001 0.001 0.000 
Si 0.080 0.056 0.004 0.014 0.009 0.073 0.018 
Sum P + Si + S + As 0.999 1.005 1.001 1.004 1.004 0.998 1.009 
Th 0.110 0.080 0.044 0.060 0.042 0.139 0.051 
U 0.000 0.001 0.008 0.003 0.003 0.003 0.002 
Sum Th + U 0.110 0.081 0.052 0.063 0.045 0.142 0.053 
Al - - - - - - - 
Sc - - - - - - - 
Y 0.013 0.075 0.032 0.012 0.019 0.005 0.040 
La 0.181 0.172 0.202 0.207 0.193 0.138 0.160 
Ce 0.401 0.375 0.397 0.405 0.416 0.355 0.371 
Pr 0.045 0.041 0.041 0.043 0.046 0.045 0.042 
Nd 0.182 0.165 0.158 0.163 0.178 0.197 0.177 
Sm 0.024 0.022 0.026 0.028 0.030 0.035 0.037 
Eu 0.001 0.001 0.004 0.002 0.001 0.001 0.001 
Gd 0.014 0.018 0.023 0.018 0.022 0.020 0.044 
Tb 0.000 0.001 0.001 0.001 0.001 0.000 0.003 
Dy 0.003 0.011 0.009 0.004 0.006 0.002 0.014 
Ho 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Er 0.000 0.003 0.000 0.000 0.000 0.000 0.001 
Tm 0.000 0.001 0.001 0.000 0.000 0.000 0.000 
Yb 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Lu - - - - - - - 
Sum REE + Y + Sc 0.905 0.864 0.895 0.882 0.914 0.799 0.890 
Mg - - - - - - - 
Ca 0.021 0.020 0.049 0.046 0.034 0.055 0.042 
Fe - - - - - - - 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.003 0.002 0.003 0.002 0.001 0.004 0.001 
Sum Divalent 
Cations 
0.021 0.024 0.052 0.048 0.036 0.058 0.044 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total Cations 1.998 1.996 2.000 1.997 1.998 1.998 1.997 
Table 4.2. EMPA analyses of representative monazite domains in the metapelite units, expressed 
as cations per 4 oxygens. 
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Figure 4.1. Ternary diagram of chemical composition of monazite domains in metapelites 
(atomic proportions). 
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Figure 4.2. Plot of REE+Y+P versus Th+U+Si in monazite from metapelites , expressed as 
cations per 16 O. Lines correspond to the ideal huttonite and cheralite substitutions for 
incorporation of Th and U. Domains differ significantly in the relative importance of the roles 
played by the two substitutions. 
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Sample 011701B1 011701B1 011702J 011702J 011702J 011702L2 011702L2 
Domain m8 p1 m4 p4 m1 p1 
right 
m1 p3 m1 p4 m4 p1 m10 p2 
Location ME MA ME ME ME MA MA 
Wt %        
SO3 0.00 0.01 0.00 0.00 0.00 0.02 0.00 
P2O5 30.57 30.18 30.56 30.66 28.84 30.63 30.51 
As2O5 - 0.03 - - - 0.08 0.03 
SiO2 0.26 0.03 0.22 0.25 0.98 0.07 0.09 
ThO2 5.93 0.32 1.09 5.40 10.03 3.11 2.88 
UO2 0.79 0.46 1.22 0.98 0.30 0.52 0.76 
Al2O3 0.00 - 0.02 0.00 0.00 - - 
Sc2O3 0.01 - 0.01 0.01 0.01 - - 
Y2O3 0.54 1.35 1.18 1.56 0.26 1.13 1.15 
La2O3 14.77 15.58 15.25 13.37 12.17 15.06 14.58 
Ce2O3 29.19 32.20 30.89 28.13 27.43 30.47 30.27 
Pr2O3 3.03 3.38 3.11 2.77 2.89 3.21 3.21 
Nd2O3 10.24 12.73 11.34 10.81 12.10 12.28 12.59 
Sm2O3 1.48 2.00 1.72 1.73 1.82 1.88 2.01 
Eu2O3 0.00 0.10 0.00 0.07 0.00 0.08 0.09 
Gd2O3 1.05 1.34 1.25 1.61 1.24 1.26 1.46 
Tb2O3 0.00 0.06 0.10 0.17 0.06 0.05 0.06 
Dy2O3 0.32 0.50 0.55 0.60 0.23 0.44 0.47 
Ho2O3 0.04 0.00 0.16 0.17 0.03 0.01 0.04 
Er2O3 0.03 0.07 0.10 0.16 0.02 0.05 0.03 
Tm2O3 0.06 0.02 0.09 0.11 0.05 0.01 0.02 
Yb2O3 0.02 0.01 0.05 0.00 0.00 0.01 0.01 
Lu2O3 0.00 - 0.00 0.00 0.00 - - 
MgO 0.01 - 0.00 0.00 0.00 - - 
CaO 1.32 0.35 0.46 1.18 1.26 0.72 0.70 
FeO 0.64 - 0.01 0.00 0.08 - - 
SrO - 0.00 - - - 0.00 0.00 
PbO 0.34 0.04 0.23 0.22 0.27 0.19 0.12 
K2O - 0.00 - - - 0.00 0.00 
Total 100.66 100.78 99.59 99.94 100.08 101.27 101.10 
Table 4.3. EMPA analyses of representative monazite domains in the Allison Quartzofeldspathic 
Gneiss, expressed as wt % oxide. 
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Sample 011701B1 011701B1 011702J 011702J 011702J 011702L2 011702L2 
Domain m7 p1 m4p4 m1 p1 
right 
m1 p3 m1 p4 m4 p1 m10 p2 
Location ME MA ME ME ME MA MA 
Cations per 4 
Oxygens 
       
S 0.001 0.000 0.000 0.000 0.000 0.001 0.000 
P 0.996 0.994 1.006 1.005 0.967 0.999 0.999 
As - 0.001 - - - 0.002 0.001 
Si 0.008 0.001 0.009 0.010 0.039 0.003 0.004 
Sum P + Si + S + As 1.005 0.996 1.015 1.015 1.006 1.005 1.004 
Th 0.050 0.003 0.010 0.048 0.090 0.027 0.025 
U 0.008 0.004 0.011 0.008 0.003 0.004 0.007 
Sum Th + U 0.058 0.007 0.021 0.056 0.093 0.031 0.032 
Al 0.000 - 0.001 0.000 0.000 - - 
Sc 0.000 - 0.000 0.000 0.000 - - 
Y 0.015 0.028 0.025 0.032 0.006 0.023 0.024 
La 0.214 0.223 0.219 0.191 0.178 0.214 0.208 
Ce 0.413 0.458 0.440 0.399 0.398 0.430 0.428 
Pr 0.039 0.048 0.044 0.039 0.042 0.045 0.045 
Nd 0.138 0.177 0.157 0.149 0.171 0.169 0.174 
Sm 0.018 0.027 0.023 0.023 0.025 0.025 0.027 
Eu 0.000 0.001 0.000 0.001 0.000 0.001 0.001 
Gd 0.013 0.017 0.016 0.021 0.016 0.016 0.019 
Tb 0.000 0.001 0.001 0.002 0.001 0.001 0.001 
Dy 0.004 0.006 0.007 0.007 0.003 0.005 0.006 
Ho 0.001 0.000 0.002 0.002 0.000 0.000 0.000 
Er 0.000 0.001 0.001 0.002 0.000 0.001 0.000 
Tm 0.001 0.000 0.001 0.001 0.001 0.000 0.000 
Yb 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Lu 0.000 - 0.000 0.000 0.000 - - 
Sum REE + Y + Sc 0.856 0.987 0.937 0.869 0.841 0.930 0.933 
Mg 0.000 - 0.000 0.000 0.000 - - 
Ca 0.052 0.015 0.019 0.049 0.054 0.030 0.029 
Fe 0.036 - 0.000 0.000 0.003 - - 
Sr - 0.000 - - - 0.000 0.000 
Pb 0.004 0.000 0.002 0.002 0.003 0.002 0.001 
Sum divalent 
cations 
0.092 0.015 0.021 0.051 0.060 0.032 0.030 
K - 0.000 - - - 0.000 0.000 
Total cations 2.011 2.006 1.994 1.992 1.998 1.998 1.999 
Table 4.4. EMPA analyses of representative monazite domains in the Allison Quartzofeldspathic 
Gneiss, expressed as cations per 4 oxygens.   
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Figure 4.3. Ternary diagram of chemical composition of monazite domains in the Allison 
Quartzofeldspathic gneiss (atomic proportions). 
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Figure 4.4. Plot of REE+Y+P versus Th+U+Si in monazite from the Allison Quartzofeldspathic 
Gneiss, expressed in terms of cations per 16 O. Lines correspond to the ideal huttonite and 
cheralite substitutions for incorporation of Th and U. Nearly all Th + U is incorporated by the 
cheralite substitution. 
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Sample 121401C 121401C 121401C 012104B 123106 
Domain m1 p1 m1 p2 m5 p3 m8 p1 right m12 
Location ME ME ME MA ME 
Wt %      
SO3 0.22 0.12 0.05 0.73 1.43 
P2O5 30.77 30.22 30.13 29.96 29.21 
As2O5 - - - 0.02 - 
SiO2 0.31 0.50 0.54 0.04 0.26 
ThO2 3.87 4.66 5.33 1.81 2.41 
UO2 1.40 0.65 0.66 1.61 1.08 
Al2O3 0.00 0.00 0.02 - 0.00 
Sc2O3 0.00 0.01 0.00 - 0.01 
Y2O3 3.32 3.52 3.57 4.09 3.48 
La2O3 12.47 12.24 12.02 12.07 12.94 
Ce2O3 26.96 26.82 26.70 26.89 28.04 
Pr2O3 2.72 2.77 2.79 3.00 2.75 
Nd2O3 10.00 10.10 10.10 12.02 10.52 
Sm2O3 2.03 2.05 1.96 2.65 1.84 
Eu2O3 0.32 0.28 0.29 0.28 0.11 
Gd2O3 1.77 1.97 1.98 2.25 1.75 
Tb2O3 0.11 0.24 0.25 0.21 0.17 
Dy2O3 0.78 1.02 1.11 1.28 1.05 
Ho2O3 0.22 0.09 0.08 0.06 0.06 
Er2O3 0.30 0.29 0.36 0.35 0.33 
Tm2O3 0.12 0.20 0.17 0.04 0.09 
Yb2O3 0.15 0.17 0.15 0.11 0.10 
Lu2O3 0.04 0.00 0.01 - 0.00 
MgO 0.00 0.00 0.00 - 0.00 
CaO 1.25 0.92 0.96 1.20 1.59 
FeO 0.19 0.00 0.02 - 0.04 
SrO - - - 0.00 - 
PbO 0.34 0.29 0.19 0.17 0.13 
K2O - - - 0.00 - 
Total 99.67 99.14 99.42 100.85 99.40 
Table 4.5. EMPA analyses of representative monazite domains the Stornes Gneiss and Tassie 
Tarn Metaquartzite, expressed as wt % oxide). 
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Sample 121401C 121401C 121401C 012104B 123106 
Domain m1 p1 m1 p2 m5 p3 m8 p1 right m12 
Location ME ME ME MA ME 
Cations per 4 
Oxygens 
     
S 0.006 0.003 0.002 0.021 0.041 
P 0.999 0.993 0.990 0.971 0.950 
As - - - 0.000 - 
Si 0.012 0.020 0.021 0.002 0.010 
Sum P + Si + S + As 1.017 1.015 1.012 0.994 1.001 
Th 0.034 0.041 0.047 0.016 0.021 
U 0.012 0.006 0.006 0.014 0.009 
Sum Th + U 0.046 0.047 0.053 0.030 0.016 
Al 0.000 0.000 0.001 - 0.000 
Sc 0.000 0.000 0.000 - 0.000 
Y 0.068 0.073 0.074 0.083 0.071 
La 0.176 0.175 0.172 0.170 0.183 
Ce 0.378 0.381 0.379 0.377 0.394 
Pr 0.038 0.039 0.039 0.042 0.038 
Nd 0.137 0.140 0.140 0.164 0.144 
Sm 0.027 0.027 0.026 0.035 0.024 
Eu 0.004 0.004 0.004 0.004 0.001 
Gd 0.023 0.025 0.025 0.029 0.022 
Tb 0.001 0.003 0.003 0.003 0.002 
Dy 0.010 0.013 0.014 0.016 0.013 
Ho 0.003 0.001 0.001 0.001 0.001 
Er 0.004 0.004 0.004 0.004 0.004 
Tm 0.001 0.002 0.002 0.000 0.001 
Yb 0.002 0.002 0.002 0.001 0.001 
Lu 0.000 0.000 0.000 - 0.000 
Sum REE + Y + Sc 0.872 0.890 0.886 0.929 0.899 
Mg 0.000 0.000 0.000 - 0.000 
Ca 0.051 0.038 0.040 0.049 0.065 
Fe 0.006 0.000 0.001 - 0.001 
Sr - - - 0.000 - 
Pb 0.003 0.003 0.002 0.002 0.001 
Sum Divalent 
Cations 
0.061 0.041 0.043 0.051 0.063 
K - - - 0.000 - 
Total 1.996 1.993 1.995 2.004 2.002 
Table 4.6. EMPA analyses of representative monazite domains in the Stornes Gneiss and Tassie 
Tarn Metaquartzite, expressed as cations per 4 oxygens. 
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Figure 4.5. Ternary diagram of chemistry of monazite domains in the Stornes Gneiss and Tassie 
Tarn metaquartzite (atomic proportions). 
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Figure 4.6. Plot of REE+Y+P versus Th+U+Si in monazite from the Stornes Gneiss and Tassie 
Tarn Metaquartzite, expressed in terms of cations per 16 O. Lines correspond to the ideal 
huttonite and cheralite substitutions for incorporation of Th and U. Nearly all Th + U is 
incorporated by the cheralite substitution, but the points plot below the ideal cheralite 
substitution due to the additional substitution CaS = (REE)P. 
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Sample 122902 122902 122902 112801F 112901 011603A1 
Domain m1 p1 m3 p3 m2 p4 m3 p1 m1 
upper 
m1 p1 
Location MA MA MA MA MA MA 
Wt % 
Oxide 
      
SO3 0.03 0.02 0.02 0.58 0.55 0.02 
P2O5 30.70 29.83 28.77 30.31 30.05 29.93 
As2O5 0.02 0.16 0.06 0.12 0.10 0.12 
SiO2 0.18 0.50 0.87 0.34 0.08 0.77 
ThO2 1.91 6.16 8.41 10.44 2.09 17.51 
UO2 0.70 0.37 0.13 0.34 2.71 0.37 
Al2O3 - - - - - - 
Sc2O3 - - - - - - 
Y2O3 2.40 1.07 0.29 1.75 2.71 0.47 
La2O3 14.79 13.54 12.73 12.04 14.50 9.25 
Ce2O3 29.99 28.10 28.55 25.79 29.81 24.13 
Pr2O3 3.13 3.05 3.23 2.71 2.87 2.72 
Nd2O3 11.46 11.81 12.82 10.29 9.37 9.50 
Sm2O3 2.20 2.09 1.87 1.69 1.70 1.74 
Eu2O3 0.20 0.07 0.07 0.19 0.19 0.05 
Gd2O3 1.66 1.89 0.82 1.08 1.16 0.84 
Tb2O3 0.12 0.07 0.00 0.04 0.11 0.02 
Dy2O3 0.79 0.54 0.10 0.46 0.85 0.20 
Ho2O3 0.05 0.03 0.02 0.04 0.06 0.01 
Er2O3 0.13 0.00 0.00 0.15 0.24 0.02 
Tm2O3 0.01 0.01 0.02 0.02 0.03 0.01 
Yb2O3 0.03 0.01 0.00 0.03 0.13 0.00 
Lu2O3 - - - - - - 
MgO - - - - - - 
CaO 0.47 0.95 0.92 2.28 1.28 2.94 
FeO - - - - - - 
SrO 0.00 0.00 0.01 0.00 0.01 0.00 
PbO 0.15 0.23 0.19 0.29 0.24 0.41 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.14 100.49 99.90 100.98 100.83 101.06 
Table 4.7. EMPA analyses of monazite domains the Søstrene Orthogneiss and Pegmatites, 
expressed as wt % oxide. 
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Sample 122902 122902 122902 112801F 112901 011603A1 
Domain m1 g1 m3 g3 m2 g4 m3 g1 m1 upper m1 g1 
Location MA MA MA MA MA MA 
Cations per 4 
Oxygens 
      
S 0.001 0.000 0.001 0.017 0.016 0.000 
P 0.998 0.985 0.967 0.979 0.977 0.981 
As 0.000 0.003 0.001 0.002 0.002 0.002 
Si 0.007 0.019 0.035 0.013 0.003 0.030 
Sum P + Si + S + As 1.006 1.007 1.004 1.011 0.998 1.014 
Th 0.017 0.055 0.076 0.091 0.018 0.154 
U 0.006 0.003 0.001 0.003 0.023 0.003 
Sum Th + U 0.023 0.058 0.077 0.104 0.041 0.158 
Al - - - - - - 
Sc - - - - - - 
Y 0.049 0.022 0.006 0.035 0.055 0.010 
La 0.209 0.195 0.186 0.170 0.205 0.132 
Ce 0.421 0.401 0.415 0.360 0.419 0.342 
Pr 0.044 0.043 0.047 0.038 0.040 0.038 
Nd 0.157 0.165 0.182 0.140 0.129 0.131 
Sm 0.029 0.028 0.026 0.022 0.023 0.023 
Eu 0.003 0.001 0.001 0.003 0.002 0.001 
Gd 0.021 0.024 0.011 0.014 0.015 0.011 
Tb 0.002 0.001 0.000 0.001 0.001 0.000 
Dy 0.010 0.007 0.001 0.006 0.011 0.002 
Ho 0.001 0.000 0.000 0.001 0.001 0.000 
Er 0.002 0.000 0.000 0.002 0.003 0.000 
Tm 0.000 0.000 0.000 0.000 0.000 0.000 
Yb 0.000 0.000 0.000 0.000 0.002 0.000 
Lu - - - - - - 
Sum REE + Y + Sc 0.948 0.888 0.875 0.776 0.906 0.692 
Mg - - - - - - 
Ca 0.019 0.040 0.039 0.093 0.053 0.122 
Fe - - - - - - 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.002 0.002 0.002 0.003 0.002 0.004 
Sum Divalent 
Cations 
0.021 0.042 0.041 0.100 0.055 0.126 
K 0.000 0.000 0.000 0.000 0.000 0.000 
Total 1.998 1.996 1.997 1.992 2.001 1.990 
Table 4.8. EMPA analyses of representative monazite domains in the Søstrene Orthogneiss and 
Pegmatites, expressed as cations per 4 oxygens. 
 80  
 
 
Figure 4.7. Ternary diagram of chemical content of monazite domains the in the Søstrene 
Orthogneiss (atomic proportions). 
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Figure 4.8. Plot of REE+Y+P versus Th+U+Si in monazite from the Søstrene Orthogneiss, 
expressed in terms of cations per 16 O. Lines correspond to the ideal huttonite and cheralite 
substitutions for incorporation of Th and U. Th + U is incorporated by the cheralite substitution 
in some domains, and by both substitution in others. 
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Figure 4.9. Ternary diagram of chemistry of monazite domains in the pegmatites (atomic 
proportions). 
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Figure 4.10. Plot of REE+Y+P versus Th+U+Si in monazite from pegmatites, expressed in 
terms of cations per 16 O. Lines correspond to the ideal huttonite and cheralite substitutions for 
incorporation of Th and U. Nearly all Th + U is incorporated by the cheralite substitution.  
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4.2 Chemical Analyses of Other Minerals 
 Garnet, biotite, cordierite, orthopyroxene, hercynite, magnetite, ilmenite, apatite, and 
xenotime associated with monazite were also analyzed. Representative analyses of these 
minerals are presented in tables in this chapter and the full set of analyses of these minerals can 
be found in Appendix B.   
4.2.1 Garnet Chemical Composition 
 Like monazite, garnet commonly displays compositional zoning. Garnet grains were 
mapped for the elements Mg, Ca, Mn, Y and P. Garnet grains enclosing monazite grains that 
were dated were preferentially chosen for mapping. Representative garnet maps are shown in 
Figures 4.11 and 4.12. All garnet maps obtained have been deposited in Appendix C. Each zone 
of a given grain was analyzed quantitatively. Chemical formulae for garnet were calculated on 
the basis of 24 oxygens using the general formula (Fe,Mg,Ca)6Al4Si6O24. Tables 4.9 and 4.10 
show garnet chemistry of representative zones.  
Garnet in all samples is dominantly almandine with subordinate pyrope, and the 
Mg/(Mg+Fe) ratio ranges overall from 0.162 to 0.345. In all samples, the Mg/(Mg+Fe) ratio (X 
Mg) is significantly lower where the garnet is in contact with biotite. A unique zoning in Y is 
displayed in a xenoblastic garnet surrounded by cordierite in metapelite sample 123102A (Fig. 
4.11a; Fig. C.1). This grain is noteworthy especially for its high Y content, which reaches 1.5 wt 
% Y2O3; Ca, and Mn contents are also higher than in other garnet. Analyses gave low totals 
(98.11-98.77 wt % oxide) even after repetition. Anisotropy of this grain suggests the presence of 
a wedge of cordierite underneath. While this could be contributing to the low totals, the presence 
of unanalyzed heavy rare earth elements in the garnet could be the primary cause. This 
explanation for the reproducible low totals is the more likely. 
 85  
 
Three garnet grains were mapped in metapelite sample 011602A; these garnets all 
enclose monazite grains that were mapped. The garnets display Ca zoning, which increases from 
core to rim (Fig 4.11b: Figs. C.2-C.4). Three garnets were mapped in sample 011702I1 (Fig 
4.11c; Figs. C.5-C.7). One of the garnet grains encloses monazite and the other two are in 
contact with a cordierite-quartz symplectite that enclose monazite. One of the garnet grains in 
contact with a symplectite is zoned with a higher X Mg near the core and a slightly elevated Ca 
content on the rim contacting the symplectite (Fig. 4.11c). Sample 011701B1 contains a large 
garnet poikiloblast (>1 cm) as well as several smaller garnet grains. The large garnet poikiloblast 
and one smaller garnet grain enclosing two monazite grains were mapped (Fig. 4.12a; Figs. C.8-
C.9). The composition of the garnet poikiloblast and smaller grain are very similar. The core and 
rim compositions are similar, respectively. The garnet poikiloblast has a lower X Mg on the rim 
where it contacts apatite while the small garnet has a lower X Mg where it contacts biotite. Two 
garnet grains both enclosing monazite were mapped in sample 011702L2. Both garnets have a 
higher Ca content near the core (Fig. 4.12b; Figs. C.10-C.11). 
Four garnets enclosing monazite in Søstrene Orthogneiss sample 122902 were mapped 
(Fig. 4.12c; Figs. C.11-C.15). In these grains, the cores have a higher X Mg than the rims in 
contact with biotite. The Ca and Mn content of garnets in this sample are over 1 wt % oxide, 
which is significantly higher than most garnet in the paragneisses.  
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Figure 4.11. Representative chemical maps of garnet grains that were analyzed in samples 
123102A (a), 011602A (b), and 011702I1 (c). Stars mark the locations of quantitative chemical 
analyses. Increasing brightness from deep blue to bright yellow indicates increasing content of 
the mapped element, respectively Y, Ca and Mg in (a), (b) and (c). 
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Figure 4.12. Representative chemical maps of garnet grains in which chemical analyses were 
done in samples 011701B1 (a), 011702L2 (b), and 122902 (c). Stars represent the locations of 
quantitative chemical analyses. Increasing brightness from deep blue to yellow indicates 
increasing Mg content. 
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Sample 123102A 011602A 011702I1 
Grain  Encloses monazite m1 
In contact with symplectite 
around monazite m11 
Location 
Lower right 
corner 
Core Rim Core Rim 
Wt % O      
SiO2 35.75 37.47 36.36 37.87 37.67 
TiO2 0.00 0.03 0.07 0.03 0.00 
Al2O3 21.05 21.49 21.11 21.51 21.43 
Cr2O3 0.05 0.02 0.00 0.00 0.11 
Y2O3 1.52 0.01 0.06 0.10 0.15 
MgO 3.55 6.85 4.69 7.18 6.34 
CaO 1.93 0.87 1.15 0.81 0.84 
MnO 1.57 0.67 0.84 0.12 0.13 
FeO 32.72 32.30 35.04 32.65 33.24 
Na2O 0.07 0.00 0.01 0.01 0.00 
Total 98.19 99.70 99.34 100.27 99.91 
      
Cations per 24 Oxygens     
Si 5.873 5.927 5.878 5.945 5.958 
Ti 0.00 0.004 0.009 0.003 0.00 
Al 4.075 4.006 4.023 3.981 3.995 
Cr 0.006 0.002 0.000 0.00 0.013 
Y 0.133 0.001 0.005 0.008 0.013 
Mg 0.869 1.616 1.130 1.680 1.496 
Ca 0.339 0.147 0.200 0.137 0.142 
Mn 0.218 0.089 0.115 0.016 0.017 
Fe 4.495 4.272 4.738 4.286 4.397 
Na 0.022 0.000 0.003 0.003 0.00 
Total 16.031 16.065 16.101 16.059 16.031 
      
X Mg 0.162 0.274 0.193 0.282 0.254 
Table 4.9. Representative EMPA analyses of garnet expressed a wt %. All Fe as FeO. X Mg = 
Mg/(Mg + Fe) 
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Sample 011701B1 011702L2 122902 
Grain Small Poikioblast 
Encloses monazite m 
11 
Enclosed monazite 
m1 
Location Core Core Core Rim Core Rim 
Wt %       
SiO2 38.55 38.32 37.91 37.99 37.47 36.83 
TiO2 0.04 0.05 0.03 0.02 0.00 0.10 
Al2O3 21.64 21.79 21.62 21.52 21.08 20.63 
Cr2O3 0.03 0.02 0.03 0.06 0.02 0.03 
Y2O3 0.05 0.04 0.03 0.02 0.12 0.14 
MgO 8.08 9.19 7.75 7.60 5.03 3.01 
CaO 0.65 0.63 0.89 0.72 2.19 1.93 
MnO 0.08 0.11 0.20 0.22 1.12 1.28 
FeO 31.38 29.84 31.36 31.65 33.19 35.89 
Na2O 0.00 0.01 0.01 0.02 0.01 0.00 
Total 100.50 99.98 99.82 99.82 100.23 99.84 
       
Cations per 24 Oxygens     
Si 5.987 5.945 5.945 5.963 5.960 5.969 
Ti 0.004 0.005 0.003 0.002 0.00 0.012 
Al 3.960 3.983 3.995 3.980 3.952 3.940 
Cr 0.004 0.003 0.004 0.008 0.003 0.003 
Y 0.004 0.003 0.003 0.002 0.010 0.012 
Mg 1.871 2.125 1.813 1.779 1.193 0.728 
Ca 0.109 0.105 0.149 0.122 0.373 0.336 
Mn 0.010 0.014 0.026 0.029 0.151 0.176 
Fe 4.074 3.871 4.112 4.153 4.415 4.864 
Na 0.00 0.002 0.002 0.006 0.002 0.00 
Total 16.025 16.056 16.052 16.044 16.059 16.041 
       
X Mg 0.315 0.354 0.306 0.300 0.213 0.130 
Table 4.10. Representative EMPA analyses of garnet expressed as cations per 24 O. All Fe as 
FeO. X Mg = Mg/(Mg + Fe) 
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4.2.2 Biotite Chemical Composition 
 Three biotite grains each were analyzed in samples 123102A, 011602A, 011702I1, 
011701B1, 011702L2, 121401C, 123106, and 122902. Chemical formulae for Ti-rich biotite 
were calculated on the basis of 14 cations (excluding K, Na and Ba) using the general formula 
K2(Mg,Fe,Al,Ti)6(Si,Al)8O20(OH,F,Cl)x<4, with H2O content calculated to obtain charge balance 
as recommended by Henry et al. (2005). Formulae for Ti poor biotite were calculated assuming 
OH + F + Cl = 4 and O = 24. The composition of one biotite grain per sample is given in Table 
4.11 and the full set of biotite analyses can be found in Appendix B. Biotite X Mg ranges overall 
from 0.444 to 0.686, with the most magnesian compositions in the garnet-free samples of the 
Stornes Gneiss and Tassie Tarn Metaquartzite (X Mg = 0.634-0.686), except for one grain with 
X Mg = 0.676 in garnet-bearing Allison Quartzofeldspathic gneiss. TiO2 content varies from 
4.78 wt % to 6.47 wt % except for sample 123106 where it is significantly lower (1.6–2.45 wt 
%.). The (F+Cl)/(F+Cl+OH) ratio ranges from 0.235 to 0.470 across all grains analyzed. 
Fluorine is more abundant than Cl in all samples.  
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 Sample 123102A 011602A 011702I1 011701B1 011702L2 121401C 123106  122902 
Grain 1 1 3 2 2 3 2 1 
Wt %         
SiO2 35.92 35.99 35.90 37.06 36.60 37.09 37.81 36.45 
TiO2 4.78 5.26 5.07 6.03 5.18 5.06 2.15 6.03 
Al2O3 15.23 15.25 14.93 14.78 14.92 14.90 15.63 14.90 
Cr2O3 0.03 0.04 0.12 0.13 0.06 0.28 0.03 0.04 
MgO 9.54 11.47 10.04 12.42 12.02 14.17 16.15 10.08 
MnO 0.07 0.03 0.00 0.00 0.00 0.03 0.02 0.04 
FeO 20.91 17.97 19.90 16.19 17.36 14.54 13.71 19.57 
BaO 0.20 0.21 0.19 0.25 0.14 0.18 0.12 0.32 
Na2O 0.15 0.10 0.12 0.25 0.30 0.14 0.20 0.12 
K2O 9.37 9.39 9.45 9.07 9.16 9.49 9.59 9.25 
F 1.87 1.55 1.55 1.96 1.77 2.16 2.59 1.16 
Cl 1.35 0.47 1.75 1.04 1.13 0.82 0.74 0.19 
H2Ocalc 1.48 1.92 1.46 1.40 1.63 1.66 2.63 1.91 
Total 100.91 99.64 100.47 100.56 100.26 100.54 101.36 100.07 
O=F , Cl -1.09 -0.76 -1.05 -1.06 -1.00 -1.10 -1.26 -0.53 
Total 99.82 98.88 99.42 99.50 99.26 99.44 100.11 99.53 
         
Cations per 14 Cations excluding 
XII cations 
    *  
Si 5.634 5.592 5.646 5.691 5.658 5.645 5.604 5.670 
IVAl 2.366 2.408 2.354 2.309 2.342 2.355 2.396 2.330 
ΣIV 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Ti 0.564 0.615 0.601 0.697 0.602 0.579 0.240 0.705 
VIAl 0.449 0.384 0.413 0.366 0.375 0.317 0.334 0.402 
Cr 0.004 0.004 0.014 0.016 0.007 0.034 0.003 0.004 
Mg 2.232 2.656 2.354 2.842 2.771 3.214 3.569 2.337 
Mn 0.009 0.004 0.000 0.000 0.000 0.004 0.003 0.005 
Fe 2.742 2.336 2.618 2.080 2.244 1.851 1.699 2.546 
ΣVI 6.000 6.000 6.000 6.000 6.000 6.000 5.847 6.000 
Ba 0.012 0.013 0.011 0.015 0.008 0.011 0.007 0.020 
Na 0.046 0.030 0.037 0.075 0.089 0.043 0.057 0.036 
K 1.875 1.861 1.896 1.776 1.807 1.843 1.814 1.836 
ΣXII 1.933 1.904 1.945 1.865 1.904 1.896 1.878 1.892 
Σcations 15.933 15.904 15.945 15.865 15.904 15.896 15.726 15.892 
F 0.929 0.760 0.771 0.952 0.865 1.041 1.213 0.572 
Cl 0.359 0.124 0.467 0.270 0.297 0.212 0.186 0.051 
OHcalc 1.552 1.988 1.531 1.432 1.680 1.685 2.601 1.979 
Σanions 2.840 2.872 2.769 2.654 2.843 2.938 4.000 2.602 
         
X Mg 0.449 0.532 0.473 0.577 0.553 0.635 0.677 0.479 
Table 4.11. Representative EMPA analyses of biotite. All Fe as FeO. H2O and OH are calculated 
assuming 14 cations excluding XII cations assuming a total of 24 oxygens. *Cations calculated 
assuming 24 O and F + Cl + OH = 4. X Mg = Mg/(Mg + Fe).   
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4.2.3 Cordierite Chemical Composition 
 Cordierite occurs in paragneisses as both a matrix mineral and as a component of 
symplectites and coronas. No internal cordierite standard was used during analyses; however, the 
totals of all analyses are close to 100% (Table 4.12). Chemical formulae were calculated on the 
basis of 18 oxygens using the general formula (Mg,Fe)2Al4Si5O18. The X Mg varies over a 
relatively narrow range (0.646-0.791). Constituents other than the four major elements (SiO2, 
Al2O3, MgO, FeO) are present in amounts not exceeding 0.13 wt %, including MnO and Na2O.  
 93  
 
Sample 123102A 011602A 011702I1 011702J1 121401C 
Grain 
location 
matrix corona corona matrix symp symp string matrix 
Wt %         
SiO2 49.72 49.74 50.34 50.39 50.23 50.42 49.77 49.82 
TiO2 0.02 0.00 0.03 0.00 0.03 0.02 0.02 0.05 
Al2O3 32.68 32.78 32.65 32.85 32.84 32.86 32.55 35.08 
Cr2O3 0.03 0.01 0.01 0.04 0.00 0.01 0.01 0.00 
MgO 8.51 9.58 9.37 8.86 9.28 9.34 8.51 10.55 
CaO 0.01 0.02 0.02 0.01 0.03 0.03 0.01 0.01 
MnO 0.13 0.07 0.07 0.01 0.00 0.04 0.01 0.04 
FeO 8.22 6.99 7.16 7.94 7.56 7.21 8.30 4.96 
Na2O 0.05 0.02 0.03 0.05 0.05 0.03 0.03 0.05 
K2O 0.01 0.01 0.02 0.00 0.02 0.00 0.01 0.02 
Total 99.37 99.22 99.70 100.15 100.03 99.94 99.22 100.59 
         
Cations per 18 Oxygens   
Si 5.056 5.072 5.039 5.072 5.057 5.070 5.067 4.935 
Ti 0.002 0.002 0.000 0.00 0.002 0.001 0.001 0.004 
Al 3.916 3.881 3.913 3.897 3.896 3.894 3.906 4.095 
Cr 0.002 0.001 0.001 0.003 0.00 0.001 0.001 0.00 
Mg 1.290 1.413 1.448 1.330 1.393 1.400 1.291 1.559 
Ca 0.002 0.002 0.002 0.001 0.003 0.003 0.002 0.001 
Mn 0.011 0.006 0.006 0.001 0.00 0.004 0.001 0.004 
Fe 0.699 0.605 0.592 0.668 0.636 0.606 0.706 0.411 
Na 0.009 0.006 0.004 0.009 0.009 0.006 0.007 0.009 
K 0.001 0.002 0.001 0.00 0.002 0.00 0.001 0.002 
Total 10.988 10.989 11.006 10.982 10.999 10.985 10.983 11.019 
         
X Mg 0.649 0.700 0.710 0.666 0.687 0.698 0.646 0.791 
Table 4.12. EMPA analyses of cordierite. Symp stands for symplectite. All Fe as FeO. X Mg = 
Mg/(Mg + Fe) 
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 4.2.4 Orthopyroxene Chemical Composition 
 Sample 011702L2 contains an orthopyroxene poikioblast >1 cm across, which was 
mapped for Mg (Fig. 4.13) and Al, Ca, Fe, and Mn (Fig. C.16). Three spots in this grain were 
chosen for quantitative chemical analysis based on the apparent zoning. Chemical formulae were 
calculated on the basis of 6 oxygens using the general formula (Mg,Fe)2Si2O6. Fe
3+ was 
calculated from stoichiometry by assuming a cation total of 4 and that the entirety of the 
deviation from this value is due to the presence of Fe3+.  The maps reveal zoning in Al, Mg, and 
Fe. This was not confirmed by subsequent quantitative chemical analyses, which reveal that the 
grain is chemically homogenous; for example, X Mg = 0.518 2-0.527 and Al2O3 only varies 
between 4.43 wt % and 4.73 wt % (Table 4.13). The zoning in the map is likely the result of 
beam angle variation during the analysis.   
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Figure 4.13. Magnesium map of the large orthopyroxene poikioblast in sample 011702L2. The 
stars indicate the points of quantitative analyses. Increasing brightness from deep blue to bright 
yellow supposedly indicates increasing content of Mg, but beam angle affected the color in this 
case. 
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Sample 011702L2 
Grain Bottom Middle Top 
Wt %    
SiO2 48.80 48.74 48.93 
TiO2 0.15 0.18 0.14 
Al2O3 4.69 4.73 4.43 
Cr2O3 0.04 0.03 0.00 
Fe2O3 1.37 1.12 1.17 
MgO 17.21 16.91 17.14 
CaO 0.12 0.11 0.10 
MnO 0.06 0.08 0.08 
FeO 27.50 28.02 27.87 
Na2O 0.02 0.01 0.00 
K2O 0.00 0.00 0.00 
Total 99.97 99.93 99.88 
    
Cations per 6 Oxygens  
Si 1.870 1.872 1.879 
Ti 0.004 0.005 0.004 
Al 0.212 0.214 0.201 
Cr 0.001 0.001 0.000 
Fe3+ 0.039 0.032 0.034 
Mg 0.983 0.968 0.981 
Ca 0.005 0.005 0.004 
Mn 0.002 0.003 0.003 
Fe2+ 0.881 0.900 0.895 
Na 0.001 0.001 0.000 
K 0.000 0.000 0.000 
Total 4.000 4.000 4.000 
    
X Mg 0.527 0.518 0.523 
Table 4.13. EMPA analyses of the orthopyroxene poikiloblast from sample 011702L2. FeO and 
Fe2O3 calculated by stoichiometry. X Mg = Mg
2+/(Mg2+ + Fe)  
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4.2.5 Magnetite Chemical Composition 
 One grain of magnetite each was analyzed in samples 123102A, 011602A and 123106. 
Chemical formulae were calculated on the basis of 4 oxygens using the general formula Fe3O4. 
Fe3+ was calculated from stoichiometry by assuming a cation total of 3 and that the entirety of 
the deviation from this value is due to the presence of Fe3+. The magnetite in all samples is 
relatively pure with no cations other than Fe over 1 wt % oxide (Table 4.14). The magnetite in 
sample 123102A has the largest content of minor elements: 0.81 wt % V2O3, 0.37 wt % Cr2O3 
and 0.26 wt % TiO2. 
4.2.6 Hercynite Chemical Composition 
 Three grains each of hercynite were analyzed in samples 123102A, 011602A, and 
121401C. Chemical formulae were calculated on the basis of 4 oxygens using the general 
formula (Fe,Mg)Al2O4. Fe
3+ was calculated from stoichiometry by assuming a cation total of 3 
and that the entirety of the deviation from this value is due to the presence of Fe3+. Table 4.14 
gives a representative chemical analysis from each sample; the complete set of analyses can be 
found in Appendix B. The X Mg ranges from 0.177-0.188 (sample 011602A) to 0.309-0.322 
(sample 121401C). Contents of cations other than Fe, Mg, and Al are <1 wt % oxide in all 
samples except 121401C, which contains from 1.74 to 3.00 wt % Cr2O3. 
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 Magnetite Hercynite 
Sample 123102A 011602A 123106 123102A 011602A 121401C 
Grain    2 2 3 
Wt %       
WO3 0.00 0.00 0.00 0.00 0.00 0.00 
Nb2O5 0.00 0.00 0.00 0.00 0.00 0.00 
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.26 0.06 0.03 0.02 0.02 0.00 
ZrO2 0.03 0.02 0.00 0.02 0.02 0.01 
SnO2 0.00 0.05 0.01 0.00 0.00 0.00 
Al2O3 0.36 0.41 0.28 55.00 55.00 54.18 
V2O3 0.81 0.47 0.07 0.13 0.13 0.14 
Cr2O3 0.37 0.07 0.03 0.62 0.62 3.00 
Fe2O3 66.78 67.09 67.98 5.63 5.63 5.09 
MgO 0.05 0.02 0.00 5.06 5.06 7.17 
MnO 0.02 0.00 0.02 0.20 0.20 0.14 
FeO 31.25 30.89 30.90 32.32 32.32 28.67 
ZnO 0.00 0.02 0.00 0.23 0.23 0.41 
Total 99.92 99.09 99.30 99.23 99.23 98.81 
       
Cations per 4 Oxygens     
W 0.000 0.000 0.000 0.000 0.000 0.000 
Nb 0.000 0.000 0.000 0.000 0.000 0.000 
Ta 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.008 0.002 0.001 0.000 0.000 0.000 
Zr 0.001 0.000 0.000 0.000 0.000 0.000 
Sn 0.000 0.001 0.000 0.000 0.000 0.000 
Al 0.016 0.019 0.013 1.859 1.859 1.820 
V 0.025 0.014 0.002 0.003 0.003 0.003 
Cr 0.011 0.002 0.001 0.014 0.014 0.068 
Fe3+ 1.932 1.958 1.982 0.121 0.121 0.109 
Mg 0.003 0.001 0.000 0.216 0.216 0.305 
Mn 0.000 0.000 0.001 0.005 0.005 0.003 
Fe2+ 1.004 1.002 1.001 0.775 0.775 0.683 
Zn 0.000 0.001 0.000 0.005 0.005 0.009 
Total 3.000 3.000 3.000 3.000 3.000 3.000 
       
X Mg    0.218 0.182 0.309 
Table 4.14. EMPA analyses of magnetite and representative analyses of hercynite. FeO and 
Fe2O3 calculated by stoichiometry. X Mg = Mg
2+/(Mg2+ + Fe).  
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4.2.7 Ilmenite Chemical Composition  
 Three grains each of ilmenite were analyzed from samples 123102A, 011602A, 
011702I1, 011701B1, and 122902. Chemical formulae were calculated on the basis of 3 oxygens 
using the general formula FeTiO3. Fe
3+ was calculated from stoichiometry by assuming a cation 
total of 2 and that the entirety of the deviation from this value is due to the presence of Fe3+ 
Table 4.15 gives a representative chemical analysis from each sample; the complete set of 
analyses have been deposited in Appendix B. The calculated Fe2O3 content ranges from 0.34 wt 
% in sample 011701B1 to 11.65 wt % in sample 123102A. The most abundant minor 
constituents are MgO and V2O3, which range from 0.12 wt % to 0.81 wt % and from 0 wt % to 
0.91 wt %, respectively. 
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Sample 123102A 011602A 011702I1 011701B1 122902 
Grain 3 2 2 3 2 
Wt %      
WO3 0.04 0.00 0.01 0.01 0.00 
Nb2O5 0.07 0.13 0.14 0.18 0.45 
Ta2O5 0.00 0.00 0.00 0.00 0.00 
TiO2 46.66 47.54 52.12 52.11 51.27 
ZrO2 0.01 0.02 0.00 0.04 0.00 
SnO2 0.00 0.00 0.00 0.00 0.00 
Al2O3 0.02 0.02 0.00 0.05 0.02 
V2O3 0.39 0.86 0.79 0.46 0.00 
Cr2O3 0.06 0.00 0.11 0.09 0.00 
Fe2O3 11.44 8.92 1.23 0.34 2.89 
MgO 0.32 0.40 0.12 0.69 0.71 
MnO 0.28 0.17 0.05 0.02 0.21 
FeO 41.22 41.96 46.77 45.82 45.08 
ZnO 0.00 0.08 0.00 0.01 0.03 
Total 100.52 100.09 101.34 99.82 100.66 
      
Cations per 3 Oxygens    
W 0.000 0.000 0.000 0.000 0.000 
Nb 0.001 0.002 0.002 0.002 0.005 
Ta 0.000 0.000 0.000 0.000 0.000 
Ti 0.885 0.905 0.978 0.988 0.965 
Zr 0.000 0.000 0.000 0.000 0.000 
Sn 0.000 0.000 0.000 0.000 0.000 
Al 0.000 0.001 0.000 0.002 0.001 
V 0.006 0.014 0.013 0.008 0.000 
Cr 0.001 0.000 0.002 0.002 0.000 
Fe3+ 0.217 0.170 0.023 0.006 0.054 
Mg 0.012 0.015 0.004 0.026 0.027 
Mn 0.006 0.004 0.001 0.000 0.005 
Fe2+ 0.870 0.888 0.976 0.966 0.944 
Zn 0.000 0.001 0.000 0.000 0.000 
Total 2.000 2.000 2.000 2.000 2.000 
Table 4.15. Representative EMPA analyses of ilmenite. 
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4.2.8 Apatite Chemical Composition  
 Three grains of apatite each were analyzed in samples 011702B1, 011702L2, 012104B, 
and 123106. Chemical formulae were calculated on the basis of 12.5 oxygens using the general 
formula Ca5(PO4)3(F,Cl,OH) with H2O content calculated from OH = 1 – F – Cl per formula 
unit. Tables 4.16 and 4.17 give representative chemical analysis in wt % and chemical formulae, 
respectively, from each sample; the complete set of analyses can be found in Appendix B. The 
grains are mostly fluorapatite in composition with F/(F+Cl+OH) ranging from 0.491 to 0.905. 
Incorporation of Y + REE, with Y most abundant, appears to be largely through the substitution 
(Y, REE) + Na = 2Ca; the Na/(Y+REE) ratio ≈1.3 suggests that other REE should be present, but 
in amounts too low to measure routinely by EMPA. 
Sample 011702B1 011702L2 012104B 123106 
Grain 2 2 2 3 
Wt %     
SO3 0.00 0.00 0.05 0.09 
P2O5 40.65 40.67 40.45 40.97 
SiO2 0.00 0.02 0.00 0.04 
Y2O3 0.46 0.44 0.80 0.41 
La2O3 0.11 0.08 0.16 0.04 
Ce2O3 0.32 0.23 0.44 0.11 
Nd2O3 0.19 0.10 0.34 0.17 
Yb2O3 0.02 0.03 0.04 0.05 
MgO 0.42 0.76 0.83 0.00 
CaO 49.85 48.48 48.87 54.13 
MnO 0.05 0.12 0.19 0.12 
FeO 3.06 4.46 3.06 0.11 
Na2O 0.31 0.27 0.52 0.24 
F 1.95 2.05 2.30 3.65 
Cl 2.74 2.61 2.02 0.71 
H2O 0.21 0.20 0.22 0.00 
Total 100.36 100.50 100.31 100.79 
O=F , Cl -1.44 -1.45 -1.42 -1.70 
Total 98.92 99.06 98.88 99.10 
Table 4.16. Representative EMPA analyses of apatite expressed as wt% oxide. 
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Sample 011702B1 011702L2 012104B 123106 
Grain 2 2 2 3 
Cations per 
12.5 oxygens 
    
S 0.000 0.000 0.004 0.006 
P 2.819 2.822 2.808 2.787 
Si 0.000 0.002 0.000 0.003 
Sum 2.819 2.824 2.812 2.796 
Y 0.020 0.019 0.035 0.018 
La 0.003 0.002 0.005 0.001 
Ce 0.010 0.007 0.013 0.003 
Nd 0.006 0.003 0.010 0.005 
Yb 0.000 0.001 0.001 0.001 
Mg 0.052 0.093 0.102 0.000 
Ca 5.103 4.965 5.009 5.436 
Mn 0.004 0.008 0.013 0.008 
Fe 0.210 0.306 0.210 0.008 
Na 0.049 0.043 0.083 0.037 
Sum 5.457 5.447 5.481 5.517 
Total cations 8.276 8.271 8.293 8.314 
F 0.506 0.530 0.597 0.927 
Cl 0.380 0.362 0.281 0.097 
H2O 0.113 0.108 0.122 0.000 
     
X F/(F+Cl+OH) 0.506 0.530 0.597 0.905 
Table 4.17. Representative EMPA analyses of apatite expressed as cations per 12.5 oxygens. 
 
4.2.9 Xenotime Chemical Composition 
 Xenotime was analyzed in samples 121401C and 012104B from the Stornes Gneiss 
(Tables 4.18 and 4.19). Chemical formulae were calculated on the basis of 4 oxygens using the 
general formula (Y,REE)PO4. Xenotime is relatively homogeneous in each sample with 
Y/(Y+REE) ranging from 0.728 to 0.750. The most common REEs are HREEs with Gd, Dy, Ho, 
Er and Yb >1 wt % oxide in each sample. Yb2O3 is the most abundant HREE and exceeds 5 wt 
%. In contrast to monazite, the ThO2, UO2, and CaO contents are <1 wt % in both samples.   
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 121401C 012104B 
Grain 1* 3* 4* 5*  1 2 3 
Wt %        
SO3 0.02 0.00 0.00 0.00 0.02 0.02 0.00 
P2O5 34.86 34.88 35.14 34.83 35.40 35.37 35.37 
SiO2 0.19 0.21 0.18 0.31 0.12 0.14 0.09 
ThO2 0.12 0.18 0.16 0.25 0.04 0.00 0.00 
UO2 0.09 0.19 0.19 0.35 0.05 0.01 0.00 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sc2O3 0.09 0.04 0.05 0.03 0.08 0.08 0.09 
Y2O3 40.77 41.39 41.37 40.57 40.65 40.39 40.88 
La2O3 0.03 0.02 0.03 0.00 0.04 0.00 0.02 
Ce2O3 0.14 0.08 0.02 0.09 0.13 0.13 0.12 
Pr2O3 0.11 0.04 0.05 0.04 0.10 0.08 0.05 
Nd2O3 0.51 0.38 0.37 0.47 0.51 0.64 0.54 
Sm2O3 0.38 0.43 0.39 0.46 0.52 0.65 0.60 
Eu2O3 1.46 1.47 1.58 1.42 1.78 1.85 1.84 
Gd2O3 3.69 3.76 3.97 3.66 4.29 4.39 4.40 
Tb2O3 0.44 0.48 0.47 0.41 0.56 0.53 0.58 
Dy2O3 3.13 3.42 3.48 3.18 4.11 4.36 4.44 
Ho2O3 1.07 1.10 1.12 1.15 1.22 1.20 1.20 
Er2O3 4.48 4.46 4.47 4.60 4.64 4.42 4.34 
Tm2O3 0.80 0.84 0.80 0.82 0.84 0.81 0.82 
Yb2O3 5.85 5.50 5.43 5.95 5.18 4.90 4.69 
Lu2O3 0.97 0.90 0.92 0.98 0.83 0.77 0.77 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 0.04 0.05 0.07 0.04 0.10 0.11 0.07 
FeO 0.00 0.00 0.00 0.00 0.00 0.07 0.00 
PbO 0.05 0.19 0.23 0.06 0.18 0.00 0.17 
Total 99.28 100.01 100.52 99.67 101.36 100.91 101.08 
Table 4.18. EMPA analyses of xenotime, expressed as wt % oxide. 
*denotes grain in contact with a monazite grain with this id number. 
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 121401C 012104B 
Grain 1* 3* 4* 5*  1 2 3 
Wt %        
S 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P 1.000 0.996 0.998 0.998 1.000 1.001 1.001 
Si 0.006 0.007 0.006 0.011 0.004 0.005 0.003 
Sum P + Si + S 1.007 1.003 1.004 1.008 1.005 1.006 1.004 
Th 0.001 0.001 0.001 0.002 0.000 0.000 0.000 
U 0.001 0.001 0.001 0.003 0.000 0.000 0.000 
Sum Th + U 0.002 0.003 0.003 0.005 0.001 0.000 0.000 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sc 0.003 0.001 0.002 0.001 0.002 0.002 0.003 
Y 0.735 0.743 0.739 0.731 0.722 0.719 0.727 
La 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ce 0.002 0.001 0.000 0.001 0.002 0.002 0.001 
Pr 0.001 0.000 0.001 0.000 0.001 0.001 0.001 
Nd 0.006 0.005 0.004 0.006 0.006 0.008 0.006 
Sm 0.004 0.005 0.005 0.005 0.006 0.007 0.007 
Eu 0.017 0.017 0.018 0.016 0.020 0.021 0.021 
Gd 0.041 0.042 0.044 0.041 0.047 0.049 0.049 
Tb 0.005 0.005 0.005 0.005 0.006 0.006 0.006 
Dy 0.034 0.037 0.038 0.035 0.044 0.047 0.048 
Ho 0.012 0.012 0.012 0.012 0.013 0.013 0.013 
Er 0.048 0.047 0.047 0.049 0.049 0.046 0.046 
Tm 0.008 0.009 0.008 0.009 0.009 0.008 0.009 
Yb 0.060 0.057 0.056 0.061 0.053 0.050 0.048 
Lu 0.010 0.009 0.009 0.010 0.008 0.008 0.008 
Sum REE + Y + Sc 0.987 0.991 0.988 0.982 0.989 0.987 0.992 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.001 0.002 0.003 0.002 0.003 0.004 0.003 
Fe 0.000 0.000 0.000 0.000 0.000 0.002 0.000 
Pb 0.000 0.002 0.002 0.001 0.002 0.000 0.002 
Sum Divalent 
Cations 0.002 0.004 0.005 0.002 0.005 0.006 0.004 
Total 1.997 2.000 2.000 1.997 1.999 1.999 2.000 
        
X Y/REE 0.745 0.750 0.748 0.744 0.730 0.729 0.733 
Table 4.19. EMPA analyses of xenotime in cations per 4 oxygens. 
*denotes grain in contact with a monazite grain with this id number 
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4.3 Geothermometry Results 
 Monazite-xenotime geothermometry was applied to monazite grains inferred to be in 
equilibrium with xenotime in Stornes Gneiss samples 012104B and 121401C (Table 4.20). The 
domains in sample 012104B are associated with monazite dated as being Cambrian in age based 
on age maps (Appendix D) and inferred to represent peak Cambrian conditions (Chapter 5). The 
population 1 domain in grain m1 of sample 121401C is Neoproterozoic in age based on age 
maps (Appendix D) and is possibly in equilibrium with a xenotime grain included in it and thus 
possibly preserves a temperature for Neoproterozoic metamorphism. In sample 121401C, 
population 3 is inferred to have formed synchronously by the same process during the Cambrian 
at peak of near post-peak metamorphic conditions.  
Results vary extensively depending on the calibration used. The thermometer of Gratz 
and Heinrich (1997), assuming a pressure of 7 kbar, and that of Seydoux-Guillaume et al. 
(2002), give temperatures that are over 100 ˚C higher than that of Gratz and Heinrich (1998). 
The thermometers seem adequate for the purpose of this thesis. More recent thermometers have 
not been applied to the field of geology (Engi 2017). The temperature for each domain analyzed 
varies by 96-189 ˚C between the three calibrations. The temperature of the monazite domains in 
sample 012104B range from 759–968˚C depending on the calibration used and domain analyzed. 
The temperature of the Neoproterozoic monazite domain in sample 121401C ranges from 733–
830 ˚C depending on the calibration used. The population 3 domains from sample 121401C 
(Figs. D.29 – D.32) range from 756–945 ˚C depending of the calibration used and domain 
analyzed. The results of monazite-xenotime geothermometry are somewhat questionable due to 
lack of agreement between the three calibrations.  
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Other studies have calculated temperatures in the Larsemann Hills of 800–860 ˚C for 
peak Cambrian metamorphism and 700-777 ˚C for early retrograde Cambrian metamorphism 
(Stüwe et al. 1989a; Fitzsimmons and Harley 1992; Ren et al. 1992; Carson et al. 1997; Grew et 
al. 2006, 2007; Tong et al. 2014). For the calibrations of Gratz and Heinrich (1997) and 
Seydoux-Guillaume et al. (2002), the temperatures given by the monazite-xenotime thermometry 
are greater than the range of values for both peak and early retrograde metamorphism given by 
previous studies, whereas the temperatures given by the calibration of Gratz and Heinrich (1998) 
give temperatures within the range of Cambrian peak and early retrograde metamorphism.  
Due to the small difference (<100 °C) in temperature between peak and early retrograde 
metamorphism, and the wide disagreement between the calibrations, as well as uncertainty of 
±50 ˚C for the monazite-xenotime geothermometry method, it is difficult to make precise 
geologic conclusions based on the results of the monazite-xenotime geothermometry. All the 
calibrations are based on synthetic monazite having a chemical composition far simpler than 
natural monazite. Thus, the chemical content of the monazite grains used for the calibrations do 
not match the chemical content of the domains analyzed in this thesis, which is an additional 
source of uncertainty in the geothermometry results. Deciding which is the best calibration is 
difficult; Gratz and Heinrich (1997, 1998) did not consider Th while the Th content for Seydoux-
Guillaume et al. (2002) is greater than what is present in the domains analyzed. The thermometer 
of Gratz and Heinrich (1998), however, gives temperatures that are closer to previously reported 
estimates based on other thermometers for the Larsemann Hills.  
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 012104B 121401C 
Age Cambrian Cambrian Cambrian Neoproterozoic Cambrian Cambrian Cambrian 
Domain Mnz 1 Mnz 2 Mnz 3 m1p1 m3p3 m4p3 m5p3 
G-H 1997 964 917 842 816 939 865 864 
G-H 1998 (± 
50 ˚C) 
805 786 759 733 756 786 779 
S-G 2002 (± 50 
˚C) 
968 924 855 830 945 876 875 
Table 4.20. Monazite-Xenotime geothermometry results for each of the three calibrations used 
(See chapter 2.6 for details). All temperatures expressed in °C.  
  
The Ti in biotite geothermometer of Henry et al. (2005) was applied to all samples in 
which biotite is present (Table 4.21). All of these samples, except for samples 011702L2 and 
121401C, show evidence for Cambrian early retrograde metamorphism (mineral assemblages 
and monazite domains inferred to have formed during this event are found in the matrix). Results 
of each grain are consistent within each sample (mostly within ± 12 ˚C of each other). In the 
samples where the criteria for the thermometer are met (biotite is in equilibrium with ilmenite or 
rutile), the temperatures give a narrow range from 743-789 ˚C. These temperatures are in good 
agreement with the temperatures of previous studies of the Larsemann Hills. Most of the samples 
show evidence for Cambrian early retrograde metamorphism. The biotite temperatures all fall 
mostly within the upper end of ranges of temperatures of 700–777˚C suggested by previous 
studies for this stage (Stüwe and Powell 1989; Fitzsimmons and Harley 1992, Ren et al. 1992, 
Carson et al. 1997, Grew et al. 2006, 2007, and Tong et al. 2014).  
 
 
 
 108  
 
Grain # 123102A 011602A 011702I1 011701B1 011702L2 121401C 123106 122902 
         
1 743 766 786 773 774 784 696 774 
2 744 768 770 789 767 779 677 775 
3 750 764 754 767 777 781 631 773 
Table 4.21. Titanium in biotite geothermometry results. All temperatures are expressed in °C. 
Red samples may not meet the criteria for the calibration i.e. they lack ilmenite or rutile. The 
uncertainty of each calculation is ± 12 ˚C.  
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CHAPTER 5 
RESULTS AND ANALYSIS OF MONAZITE DATING  
In this chapter individual monazite grain chemical and age maps are used first to identify 
monazite domains, and then to group domains with similar chemical content into populations. 
Maps of entire thin sections with the locations of monazite grains superimposed are used to 
reveal the petrologic context of monazite grains, which are then used to interpret the 
metamorphic conditions responsible for the formation of monazite domains. In addition, the 
chemical content of monazite domains can be used as an indicator of metamorphic processes, 
such as garnet growth or breakdown and haplogranitic melt production. A complete record of 
full-section maps and individual grain maps can be found in Appendix D.  
The dates of all domains analyzed are presented, together with interpretation of the 
significance of each date based on the petrologic context of the grains and chemical content of 
each domain. All errors reported are 2 sigma. A complete record of all monazite analyses can be 
found in Appendix E. As previously concluded in Chapter 2, only dates from UMass are used to 
make interpretations of the precise timing of metamorphic events. Results from UMaine are only 
used to differentiate between Neoproterozoic and Cambrian events. Dates and errors of dates 
obtained at UMaine are reported, however, the reported errors likely do not account for all the 
uncertainty.  
The mineral assemblages and reaction textures visible in thin section are indicative of the 
metamorphic and deformational evolution of the rock, and by extension, of the region as whole. 
In other words, ages of monazite domains that can be related to the formation of a particular 
texture or assemblage provides an age for the formation of that texture or assemblage. I rely on 
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inclusive relationships to relate growth of monazite to the growth of other minerals and textures. 
Monazite grains included in other minerals constrain the maximum age for the metamorphic 
assemblages including one or more phases that have enclosed monazite. 
The chemical composition of monazite domains is important for determining the 
metamorphic conditions of monazite growth. The Y and HREE content of monazite is an 
indicator of garnet growth and breakdown (Spear and Pyle 2002; Yakymchuk 2015; Dumond et 
al. 2015); i.e., relatively high concentrations of Y and HREE indicate garnet breakdown, whereas 
lower concentrations of these constituents indicate garnet growth. More recently, Th content has 
been found to be an important monitor in haplogranitic melts (Dumond et al. 2015, Williams et 
al. 2017). During partial melting, Th is preferentially partitioned into the melt. Thorium from the 
melt is then preferentially incorporated into monazite crystallizing in the rock undergoing 
melting. Thus, a zone in monazite with elevated Th content could indicate crystallization in the 
presence of a partial melt, whereas a younger zone with lower Th could indicate that the melt had 
been expelled from the rock.   
5.1 Metapelites 
Five monazite grains from sample 123102A were selected for chemical mapping (Fig. 
5.1). Four of these grains are enclosed in cordierite grains (m1, m4, m10, and m11) and the fifth 
in a sillimanite grain enclosed in cordierite (grain m14). Two distinct populations of monazite 
growth are recognized in this sample: core domains with high Th and low Y (population 1), and 
rim domains with both high Th and high Y (population 2). Two population 1 domains and two 
population 2 domains were dated in grains m4 and m1. 
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The population 1 domains in sample 123102A were dated at 528 ± 3 Ma and 535 ± 9 Ma 
(Fig. 5.2 and Table 5.1) and likely formed during garnet growth in conjunction with the 
production of a haplogranitic melt. Garnet growth is evidenced by the low Y content of the 
domains. The presence of a haplogranitic melt is evidenced by the petrologic context of the 
grains, in which the cordierite-rich restite is surrounded by a quartzofeldspathic leucosome, and 
by the high Th content of the monazite domains. Partial melting and leucosome production is 
interpreted to have formed during post peak decompression in the Larsemann Hills (Carson et al. 
1997). The population 2 domains dated at 512 ± 6 Ma and 513 ± 2 Ma have similar Th content to 
the cores but have much higher Y content. High Th content indicates that partial melting was still 
in progress when these domains formed and the high Y content indicates that they formed when 
garnet was breaking down. Garnet breakdown is further evidenced by the presence of relict 
garnet grains in the sample. This population represents further decompression along the 
retrograde path causing garnet breakdown.  
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Figure 5.1. Magnesium chemical map of thin section 123102A (top) with Y chemical maps of 
individual monazite grains with host mineral specified. Increasing brightness from deep blue to 
bright yellow and white in the Y chemical maps indicates increasing Y content. Red dots mark 
locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates.  
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Figure 5.2. Histograms of dates of monazite domains in sample 123102A obtained at UMass. 
 
123102A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m1p1- 535 ± 9 Ma MA 72283 500 1777 1280 6 
-m4p1- 528 ± 3 Ma MA 104815 487 2526 4711 6 
-m1p2- 513 ± 2 Ma MA 85001 561 2004 25880 6 
-m4p2- 512 ± 6 Ma MA 78809 682 1865 28083 6 
- - - - - - - - 
-m4p1- 529 ± 12 Ma ME 128250 1199 3140 3575 5 
-m4p2- 571 ± 15 Ma ME 94604 946 2511 25705 4 
Table 5.1. Dates, 2 sigma error and chemical content of monazite domains in sample 123102A. 
Dates and errors obtained at UMaine are not considered reliable for interpretation other than 
differentiating between Cambrian and Neoproterozoic dates. MA = UMass. ME = UMaine.  
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Seventeen monazite grains from sample 011602A were selected for chemical mapping 
(Fig. 5.3). Monazite grains occur in the quartz matrix (grains m15, m16, m17, and m20) and as 
inclusions in garnet (grains m1, m2, m5), hercynite (grains m7, m8, m19), biotite (grains m9, 
m10), and as a cordierite corona on hercynite (grains m11, m12, m25, m26, m28, m31). Age 
maps indicate two broad ages of monazite domains; Neoproterozoic and Cambrian. Chemical 
maps of monazite indicate that during the Neoproterozoic, monazite composition evolved 
somewhat gradually from high U, high Y, and low Th to low U, high Th, and very low Y. Six 
Neoproterozoic domains were dated along this compositional evolution trend: the low Th and 
high U center of grain m5 (population 1), the high U and Y center of grain m2 (population 2), the 
high U and lower Y outside of grain m2 (population 3), a low Y domain in grain m1 (population 
4), and even lower Y domains in grains m11 and m16 (population 5). Most of these domains are 
found in monazite grains included within garnet (4 spots). In addition, one is a core in a matrix 
grain and another is a rim in a grain between cordierite and hercynite. 
Cambrian domains are characterized by high Th and low Y content (Fig. 5.3). Two 
distinct populations of Cambrian domains are discernable: domains with very low Y (population 
6) and domains with low but somewhat higher Y (population 7) (Fig. 5.4). Population 7 appears 
to be younger than population 6 because population 6 domains are always rimed by population 7 
domains in grains where both populations are present. Domains of both populations are found in 
grains within the matrix and in grains included in other minerals such as garnet, hercynite and 
biotite. This indicates that the textures seen in this sample represent Cambrian metamorphism. 
Two domains of population 6 and three domains of population 7 were dated. Population 6 
domains were dated in grains m5 and m16, and population 7 domains were dated in grains m8, 
m16, and m20.  
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The dates of Neoproterozoic domains are mostly within error of each other and thus the 
differences in ages of the different generations cannot be resolved, i.e., the population 2 core of 
grain m2 (928 ± 23 Ma) is within error of the population 3 rim (898 ± 14 Ma) (Fig. 5.4 and Table 
5.2). Population 4 and population 5 domains in the thin section were dated at 910 ± 9 Ma, 858 ± 
43 Ma, and 912 ± 10 Ma. The dates indicate that age of individual stages of the Neoproterozoic 
monazite growth event cannot be resolved.   
The population 6 domain in grain m5 was dated at 561 ± 17 Ma. This domain is in a grain 
included in garnet, and thus likely represents peak metamorphic conditions. The population 7 
domains were dated at 520 ± 15 Ma, 518 ± 6 Ma, 519 ± 7 Ma and occur in grains included within 
the hercynite of the hercynite-quartz intergrowth. This assemblage is interpreted as representing 
post peak conditions as a result of decompression. Fitzimmons and Harley (1992) found that a 
similar assemblage in the Brattstrand Paragneiss at the Brattstrand Bluffs (fig 1.1) represents post 
peak conditions during decompression.  
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Figure 5.3. Magnesium chemical map of thin section 011602A (center) bordered by Y chemical 
maps of individual monazite grains with host minerals specified. Increasing brightness from deep 
blue to bright yellow in the Y chemical maps indicates increasing Y content. Red dots mark 
locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. Qtz = quartz. Grt = garnet. Bt = biotite. Hc = hercynite. Crd = cordierite.  
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Figure 5.4. Histograms of dates of monazite domains in sample 011602A obtained at UMass. 
 
011602A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m2p2- 898 ± 14 Ma MA 40535 8862 2866 19205 6 
-m2p3- 928 ± 23 Ma MA 43895 7801 2958 12132 5 
-m1p4- 910 ± 9 Ma MA 55828 3462 2789 2303 6 
-m11p5- 912 ± 10 Ma MA 54436 2142 2552 989 6 
-m16p5 858 ± 43 Ma MA 59174 2537 2635 1213 6 
-m5p6- 561 ± 17 Ma MA 56378 3091 1680 1506 4 
-m8p7- 520 ± 15 Ma MA 58794 3030 1606 4593 3 
-m16p7- 518 ± 6 Ma MA 59217 3194 1623 4919 6 
-m20p7- 519 ± 7 Ma MA 59030 2854 1595 4430 3 
- - - - - - -  
-m5p1- 805 ± 56 Ma ME 33726 11741 2661 21590 3 
-m1p4- 984 ± 18 Ma ME 63946 4889 3602 1506 6 
-m8p6- 562 ± 14 Ma ME 66460 4247 2032 706 6 
-m20p7- 547 ± 13 Ma ME 70204 4000 2049 3186 6 
Table 5.2. Dates, 2 sigma error, and chemical content of monazite domains in sample 011602A. 
Dates and errors obtained at UMaine are not considered reliable for interpretation other than 
differentiating between Cambrian and Neoproterozoic dates. MA = UMass. ME = UMaine.   
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Thirteen monazite grains from sample 011702I1 were selected for chemical mapping 
(Fig. 5.5). Monazite grains occur as inclusions in garnet (m4), sillimanite (m2), cordierite (m5 
and m18), and a quartz/cordierite symplectite in contact with garnet (m7, m11, m14, m15, m16, 
and m17), as well as in the quartz, potassium feldspar, and plagioclase matrix (m1, m8, and 
m13). Grain m8 is bordered by two biotite grains such that it appears “wedged” in between. Four 
major monazite populations have been recognized in this sample, all with Cambrian ages. The 
four Cambrian populations are as follows: (1) core domains with moderate Th and Y, (2) 
domains with very high Th rimming population 1 domains in grains where domains of both 
populations are present, (3) low Y and low Th core domains, and (4) high Y rim domains. 
Population 1 and 2 domains occur in large grains within the matrix and a population 1 domain 
occurs as the only domain in a grain included in a garnet. Population 3 domains are the only 
domains found in cordierite, and it was not found elsewhere. Population 4 domains only occur as 
rims on grains within the quartz/cordierite symplectite. Population 1 domains were analyzed in 
grains m4 and m8. Population 2 domains were analyzed in grains m7 and m8. Population 3 
domains were dated in grains m5 and m18. Population 4 domains were dated in grains m11, 
m14, and m16. 
Chemical and textural evidence suggests that the populations in sample 011702I1 are 
mostly distinct from one another, whereas the dates of domains from different populations are 
mostly within error. The population 1 domains of sample 011702I1 dated at 534 ± 7 Ma and 535 
± 5 Ma (Fig. 5.6 and Table 5.3) are the oldest domains in the sample based on core and rim 
relations and grew either before or synchronously with the growth of garnet, as evidenced by the 
inclusion of grain m4 within garnet. It is interpreted that these domains represent peak Cambrian 
metamorphism. The very low Y and very high Th of the population 2 domains dated at 522 ± 7 
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Ma and 528 ± 5 Ma indicate that they grew at a time of garnet growth accompanied by partial 
melting similar to the population 1 domains of sample 123102A. Population 2 is thus interpreted 
to represent post peak decompression metamorphism. The population 3 domains were dated at 
508 ± 18 and 522 ± 12 and both occur in grains within cordierite, which is interpreted to have 
formed during retrograde metamorphism; however, due to the lack of elevated Y content these 
domains cannot be tied to garnet breakdown. The population 4 domains dated at 500 ± 21 Ma 
and 501 ± 26 Ma likely date the timing of the breakdown of garnet during retrograde conditions. 
This is evidenced by the elevated Y content of the monazite domains and the grains included in a 
cordierite-quartz symplectite in contact with garnet, a textural relationship indicative of garnet 
breakdown during decompression. The 639 ± 99 Ma date of domain m16p4 is not considered to 
be meaningful due to the very large error.    
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Figure 5.5. Magnesium base map of sample 011702I1 with Y maps of monazite grains with host 
mineral specified. Increasing brightness from deep blue to bright yellow in the Y chemical maps 
indicates increasing Y content. The black area on the Mg map represents quartz, potassium 
feldspar, and plagioclase. Red dots mark locations of monazite grains. Stars represent the 
locations of quantitative chemical analyses and dates. Crd = cordierite. The symplectite is an 
intergrowth or cordierite and quartz.  
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Figure 5.6. Histograms of dates of monazite domains in sample 011702I1 obtained at UMass. 
 
011702I1 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m4p1- 534 ± 7 Ma MA 41371 2725 1206 7359 6 
-m8p1- 535 ± 5 Ma MA 38768 2692 1145 8432 6 
-m7p2- 522 ± 7 Ma MA 132292 2532 3300 1990 6 
-m8p2- 528 ± 5 Ma MA 122113 1415 3006 1215 6 
-m5p3- 508 ± 18 Ma MA 14418 2732 532 3550 3 
-m18p3- 522 ± 12 Ma MA 2218 2643 255 3640 5 
-m11p4- 501 ± 26 Ma MA 51281 1907 1296 15203 4 
-m14p4- 500 ± 21 Ma MA 21491 2300 653 17861 6 
-m16p4- 639 ± 99 Ma MA 3410 2957 383 18955 5 
Table 5.3. Dates, 2 sigma error and chemical content of monazite domains in sample 011702I1. 
MA = UMass.  
 
5.2 Allison Quartzofeldspathic Gneiss 
Seven monazite grains were mapped in sample 011701B1 (Fig. 5.7). Three of these 
grains are included in a large garnet poikiloblast (grains m2, m3, and m11) and two in a smaller 
garnet grain (grains m7 and m8). The remaining three are located in an apatite grain (grain m13), 
in selvages between apatite grains (grain m4), and between the cleavage planes of biotite (grain 
m15). Both Neoproterozoic and Cambrian populations are revealed by the age maps. The 
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Neoproterozoic domains exclusively occur in monazite grains included in garnet. Chemical maps 
of these Neoproterozoic domains reveal two distinct populations: Those with lower Y 
(population 1) occur in the smaller garnets and those with higher Y and U (population 2) in the 
garnet poikiloblast. There is also a Cambrian population found only in grains within the garnet 
poikiloblast, which is characterized by low Y and somewhat elevated Th (population 3). The 
remaining grains (population 4) are associated with apatite and are characterized by 
exceptionally low Th content. Population 1 domains were dated in grains m7 and m8. Population 
2 domains were dated in grains m2 and m3. A population 3 domain was dated in grain m2 and 
population 4 domains were dated in grains m4 and m15.  
In sample 011701B1 all population 1 and population 2 domains were dated only at 
UMaine and all give early Neoproterozoic dates (Fig. 5.8 and Table 5.4). The population 3 
domain in grain m2 was dated at 522 ± 5 Ma. This domain is in a grain that is included in a large 
garnet poikiloblast and constrains the timing of its formation. The population 4 monazite grains 
with low Th which are located in selvedges between apatite grains likely formed as a result of 
exsolution of REE phosphate from apatite during retrograde metamorphism. Grains m4 and m15, 
which represent population 4, were dated at 522 ± 7 Ma and 558 ± 33 Ma, respectively. Due to 
the very low Th content of only 295 ppm in grain m15 and the relatively large error, the 558 ± 33 
Ma age is not interpreted as being meaningful. The dates of the population 3 domain in grain m2 
and grain m4 (population 4) are identical and likely formed as a result of the same event along 
the retrograde path of metamorphism. 
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Figure 5.7. Backscattered electron base map of sample 011701B1 with U maps of monazite 
grains with host mineral specified. Increasing brightness from deep blue to medium orange in the 
U chemical maps indicates increasing U content. Red dots mark locations of monazite grains. 
Stars represent the locations of quantitative chemical analyses and dates.  
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Figure 5.8. Histogram and dates of monazite domains in sample 011701B1 obtained at UMass. 
011701B1 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m2p3- 522 ± 5 Ma MA 61137 5264 1843 5293 6 
-m4p4- 522 ± 7 Ma MA 2820 4047 337 10660 6 
-m15p4- 558 ± 33 Ma MA 295 3892 327 13248 6 
- - - - - - -  
-m7p1- 884 ± 16 Ma ME 50673 8581 3189 5823 6 
-m8p1- 930 ± 17 Ma ME 52098 6987 3197 4251 6 
-m2p2- 990 ± 20 Ma ME 67814 13428 5105 11046 3 
-m3p2- 951 ± 15 Ma ME 71430 13167 5012 10921 5 
Table 5.4. Dates, 2 sigma error, and chemical content of monazite domains in sample 011701B1. 
Dates and errors obtained at UMaine are not considered reliable for interpretation other than 
differentiating between Cambrian and Neoproterozoic dates. MA = UMass. ME = UMaine.  
  
Two large grains (m1 and m2) in contact with cordierite were mapped in sample 011702J 
(Figs. 2.2 and 5.9). Four populations of monazite growth are evident from the chemical and age 
maps. The oldest population (population 1) only occurs as the core domain in grain m1; it is of 
Neoproterozoic age as revealed by the age map and is characterized by low Th and high U 
content. Domains of the three younger Cambrian populations occur in both grains. Population 2 
domains are characterized by high Th content and population 3 domains by high Y content. 
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Population 4 domains occur as rims on both grains with low Y and exceptionally high Th. The 
population 1 domain in the core of grain m1 was dated twice in two locations. Populations 1, 2 
and 3 were each dated in both grains.  
All domains in sample 011702J were only dated at UMaine and thus the dates may not be 
reliable. The population 1 domain of sample 011702J was dated at 1003 ± 23 Ma and 1001 ± 24 
Ma in two Th-poor spots in the core of one grain and represents Neoproterozoic metamorphism 
(Table 5.5). Populations 2–4 all give Cambrian dates and all dates are all within error of each 
other. Population 4 likely represents post-peak conditions due to the relatively elevated Th 
content and relatively low Y content, which represent melt production and garnet growth, 
consistent with the chemical content of other populations in other samples interpreted as 
representing post-peak decompression. Additional evidence is the texture of grains included in a 
cordierite string, which is interpreted to have formed post peak. The texturally oldest Cambrian 
population in this sample is population 2, and thus is interpreted as representing peak Cambrian 
conditions. The high Y content of population 3 domains indicates that it formed during the 
breakdown of garnet. This is evidenced by the presence of cordierite-quartz symplectites in 
contact with garnet elsewhere in the sample. Although the chemical content suggests that 
population 4 domains formed by a different event than population 2 and 3 domains, the dates are 
not distinct enough to resolve the difference in age.  
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Figure 5.9. Backscattered electron map of sample 011702J with Th maps of monazite grains. 
Increasing brightness from deep blue to bright yellow in the Th chemical maps indicates 
increasing Th content. Stars represent the locations of quantitative chemical analyses and dates.  
  
011702J 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m1p1right- 1003 ± 23 Ma ME 9602 10768 2109 9330 6 
-m1p1left- 1001 ± 24 Ma ME 10090 12089 2332 7921 5 
-m1p2- 570 ± 17 Ma ME 55846 6403 1972 5442 4 
-m2p2- 584 ± 18 Ma ME 54790 5608 1925 5915 4 
-m1p3- 588 ± 14 Ma ME 47452 8599 2004 12293 6 
-m2p3- 589 ± 14 Ma ME 46883 8346 1968 12955 6 
-m1p4- 584 ± 13 Ma ME 88133 2662 2546 2056 6 
-m2p4- 593 ± 13 Ma ME 88227 2817 2601 1690 6 
Table 5.5. Dates, 2 sigma error and chemical content of monazite domains in sample 011702J1. 
All analyses were done at UMaine and thus dates and errors are not considered reliable for 
interpretation other than differentiating between Cambrian and Neoproterozoic dates. ME = 
UMaine. 
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Nine monazite grains from sample 011702L2 were mapped (Fig. 5.10). Grains are 
included in an orthopyroxene poikiloblast (grains m3, m4, and m5), biotite (grains m9 and m10), 
garnet (grains m11 and m12), and in the quartz matrix (grains m14 and m17). Two distinct age 
populations are identifiable from the age maps: Cambrian and Neoproterozoic. Chemical maps 
show minor patchy zoning within the two age populations and only one population of growth per 
age population are inferred: Neoproterozoic (population 1) and Cambrian (population 2). Both 
populations occur in almost all grains regardless of inclusion relationships. Population 1 domains 
were dated in grains m4 and m9. Population 2 domains were dated in grains m4 and m10 and 
m11.  
In sample 011702L2 the population 1 domains were dated within error at 922 ± 12 Ma 
and 907 ± 11 Ma (Fig. 5.11 and Table 5.6). This is consistent with the dates of Neoproterozoic 
domains from sample 011602A. The population 2 domains occur in grains included within the 
orthopyroxene poikiloblast and garnet grains and thus constrain the timing of formation of these 
minerals. The presence of orthopyroxene in metapelites represents high grade conditions (Spear 
1993), and thus population 2 monazite domains are interpreted as representing the peak 
conditions of Cambrian metamorphism. Despite similarity in chemical composition of the 
younger domains (Chapter 4, Fig. 4.3), the date of the population 2 domain in grain m4 (491 ± 
11 Ma) is younger than the population 2 domains in grains m10 and m11 (527 ± 5 Ma and 538 ± 
6 Ma), which are more consistent with the dates of other Cambrian domains dated. It is highly 
unlikely that domains so similar in composition represent different age populations (Dr. Michael 
Jercinovic personal communication 2016). Although the grain is highly euhedral, grain m4 is 
separated by the host orthopyroxene by a biotite corona and contains several cracks running 
across the width or the grain; both of these features are absent in grains m10 and m11. The 
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reaction leading to the formation of the corona as well as the cracks provides a mechanism for 
which Pb could be extracted from the monazite without significant change of composition, 
resulting in Pb loss and invalidating the date. The ages of 527 ± 5 Ma and 538 ± 6 Ma are 
interpreted to be meaningful ages of the population, which represent peak metamorphic 
conditions.   
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Figure 5.10. Magnesium base map of sample 011702L2 with age maps of monazite grains with 
host mineral specified. Increasing brightness from dark purple to medium orange in the age maps 
indicate increasing age. Red dots mark locations of monazite grains. Stars represent the locations 
of quantitative chemical analyses and dates.  
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Figure 5.11. Histograms of dates of monazite domains in sample 011702I1obtained at UMass. 
 
011702L2 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m4p1- 907 ± 11 Ma MA 27374 4550 1760 8869 6 
-m9p1- 922 ± 12 Ma MA 22664 4745 1621 11270 6 
-m4p2- 491 ± 11 Ma MA 26436 4483 906 8549 6 
-m10p2- 527 ± 5 Ma MA 25323 6677 1117 9027 6 
-m11p2- 538 ± 6 Ma MA 22469 7168 1112 10378 6 
Table 5.6. Dates, 2 sigma error and chemical content of monazite domains in sample 011702L2. 
ME = UMaine 
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5.3 Stornes Gneiss  
 Six monazite grains were dated in sample 121401C, all of which are within the 
cordierite-dominated matrix (Fig. 5.12). Both Cambrian and Neoproterozic domains are present 
in this sample. There are two major occurrences of Neoproterozic domains: One is distinctly 
heterogeneous (population 1) and the other is more homogeneous (population 2). The 
heterogeneous (population 1) domains are characterized by patches with different chemical 
compositions; most notable are patches with unusually high U content. The homogeneous 
(population 2) domains rim the population 1 domains in grains where both are present; its U 
content is mostly lower than that of population 1 and the Th content is somewhat higher. 
Cambrian domains (population 3) are mostly chemically homogenous and have similar chemical 
content to population 2 domains. Population 1 domains were dated in grains m1 and m2. 
Population 2 domains were dated in grains m1 and m4. Population 3 domains were dated in 
grains m1, m3, m4, and m5.  
All domains dated in sample 121401C were dated at UMaine and thus the dates may not 
be reliable. Population and 1 and 2 domains were all dated to be Early Neoproterozoic with one 
domain being Late Mesoproterozoic (Table 5.7). The difference in dates between the two 
Proterozoic populations could not be resolved. Population 3 domains all gave Late 
Neoproterozoic dates. This population is interpreted as represent peak or early retrograde 
metamorphism due to the textual context of cordierite segregation, which shows no textural 
evidence of reaction textures. Temperature calculations from monazite-xenotime 
geothermometry (Chapter 4) are also compatible with peak conditions.  
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Figure 5.12. Backscattered electron base map of sample 121401C with Th maps of monazite 
grains in cordierite. Increasing brightness from purplish red to bright yellow in the Th chemical 
maps indicates increasing Th content. Stars represent the locations of quantitative chemical 
analyses and dates.  
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121401C 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
m1p1 909 ± 16 Ma ME 33990 12365 3122 26161 6 
m2p1 1072 ± 22 Ma ME 21641 8164 2422 23939 6 
m1p2 972 ± 23 Ma ME 40932 5750 2669 27716 4 
m4p2 916 ± 20 Ma ME 44807 5781 2674 26282 5 
m1p3 657 ± 15 Ma ME 45125 6437 1967 27770 6 
m3p3 600 ± 15 Ma ME 44679 5618 1706 35731 6 
m4p3 616 ± 20 Ma ME 45837 6259 1843 28424 5 
m5p3 581 ± 15 Ma ME 46815 5783 1719 28140 6 
Table 5.7. Dates, 2 sigma error, and chemical content of monazite domains in sample 121401C. 
All analyses were done at UMaine and thus dates and errors are not considered reliable for 
interpretation other than differentiating between Cambrian and Neoproterozoic dates. ME = 
UMaine.  
 
 Five grains were mapped in sample 012104B (Fig. 5.13). Grains m1 and m2 are small 
grains located within the apatite grains that make up the apatite segregation. These grains were 
not dated due to their prohibitively low Th content. Grains m8 and m22 are very large grains 
located just outside of the apatite segregation. They come into contact with the wagnerite 
rimming the segregation and the quartz matrix that isolates the segregation from the rest of the 
rock. Grain m21 is located off of the BSE map and within the quartz matrix. These grains show 
patchy zoning; however, three populations are recognized mostly based on Y content, which 
shows distinctly bimodal zoning, whereas Th and U do not. Population 1 is defined as the zones 
with the lower Y content and population 2 as the zones with the slightly higher Y content. The 
population 1 domains also tend to have higher U content than population 2. A third population 
was recognized on the right side of grain m22, which has low contents of Y, Th and U. In grain 
m8 each population was analyzed at two points. A domain of each of the three populations was 
selected for analysis in grain m22. 
The population 1 domains in sample 012104B were dated at 536 ± 12 Ma, 545 ± 5 Ma, 
and 546 ± 7 Ma (Fig. 5.14 and Table 5.8). Grew et al. 2006 and 2007 determined that the apatite 
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segregations in the Stornes Gneiss such as the one that hosts these monazite grains formed either 
at peak or shortly after peak conditions. It is thus interpreted that these dates represent the timing 
of either peak or shortly following peak conditions. The dates of the population 2 domains are 
younger than population 1 domains and most likely formed as a result of resetting by Pb loss due 
to dissolution, possibly caused by interaction with a fluid (Williams et al. 2011). This is 
evidenced by the patchy zoning, and lower U and Pb content than population 1 (Fig. 5.13). Bosse 
et al. (2013) found that reset monazite grains often have a large variation of dates within the 
grain; this is the case of the population 2 domain in grain m22. The chemical content of the 
background point used for the analysis of the population 2 domain on the right side of grain 8 
differs substantially from the chemical content of all but two of the points dated and thus the 
analysis was discarded. The chemical content of the population 3 domain in grain m22 is not 
what would be expected from the age map and is similar to the chemical content of population 2. 
It is possible that due to the highly patchy zoning the beam missed the intended target during the 
dating of the population 3 domains in grain m22.  
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Figure 5.13. Backscattered electron base map of sample 012104B with Y maps of monazite 
grains. Increasing brightness from purple through reddish orange to orange in the Y chemical 
maps indicate increasing Y content. Stars represent the locations of quantitative chemical 
analyses and dates. The yellow circles indicate spots analyzed for geothermometry (Chapter 4).  
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Figure 5.14. Histogram of dates of monazite domains in sample 012104B obtained at UMass. 
 
012104B 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m8p1 left- 536 ± 12 Ma MA 21009 10434 1328 38722 5 
-m8p1 right- 545 ± 5 Ma MA 15948 14223 1532 32244 6 
-m22p1- 546 ± 7 Ma MA 19803 11714 1426 34507 6 
-m8p2 left- 518 ± 8 Ma MA 18919 7764 1031 42431 5 
-m8p2 right- - MA - - - - 0 
-m22p2- 512 ± 45 Ma MA 16020 9673 1092 40829 6 
-m22p3- 499 ± 8 Ma MA 17439 8745 1031 38272 6 
Table 5.8. Dates, 2 sigma error, and chemical content of monazite domains in sample 012104B.  
5.4. Tassie Tarn Metaquartzite  
 Six monazite grains were mapped in sample 123106 (Fig. 5.15). Two grains occur in the 
quartz matrix (grains m12 and m15), two grains are included within biotite (grains m1 and m9), 
and two grains are included within magnetite (grains m7 and m8). The grains are chemically 
heterogeneous and a pattern indicating distinct growth populations could not be discerned. A few 
grains have cores with relatively low Th content. Monazite domains away from these low Th 
cores were dated in grains m9, m12, and m15.  
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All three domains in sample 123106 were dated at UMaine, giving 449 ± 24 Ma, 520 ± 
18 Ma, and 715 ± 47 Ma (Table 5.9). Based on texture these domains are interpreted as forming 
at peak metamorphic conditions. There is some evidence for retrograde metamorphism in that 
magnetite is mostly rimmed by a cordierite corona. Many monazite grains are included in other 
major minerals, and thus probably did not grow coevally with post peak cordierite rims, but more 
likely at peak metamorphic conditions.    
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Figure 5.15. Backscattered electron base map of sample 123106 with Th maps of monazite 
grains with host minerals indicated. Increasing brightness from deep blue to orange in the Th 
chemical maps indicate increasing Th content. The darkest areas on the BSE map represent 
quartz. Red dots represent to locations of monazite grains. Stars represent the locations of 
quantitative chemical analyses and dates.  
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123106 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
m9 449 ± 24 Ma ME 10465 5539 574 24713 6 
m12 520 ± 18 Ma ME 21188 9510 1221 27386 5 
m15 715 ± 47 Ma ME 20061 6260 1324 25502 6 
Table 5.9. Table of dates, 2 sigma errors, and chemical content of monazite domains in sample 
123106. ME = UMaine.  
 
5.5 Søstrene Orthogneiss  
 In sample 122902, eight monazite grains were mapped (Fig. 5.16). Four of these grains 
are included in garnet (grains m1, m2, m3, and m7) and four are within the quartz and feldspar 
matrix (grains m4, m5, m10, and m13). Both Neoproterozoic (three populations) and Cambrian 
domains are present. The former includes low Th, high U core domains (population 1), high Y 
domains (population 2), and low Y domains (population 3). Population 3 domains occur in grains 
with patches of much higher Y content. Cambrian domains (population 4) are characterized by 
very low Y and occur only on the rims of a few grains. Only one population 1 domain was found 
and it occurs in a grain included in a garnet. All other populations occur in grains both within 
garnet and within the quartzofeldspathic matrix. The population 1 domain in grain m1 and 
population 2 domains in grains m7 and m13 were dated. Population 3 domains in grains m2, m3 
and m10 were dated; population 4 domains were dated in grains m2 and m1.  
Some domains were dated at UMass while others were dated at UMaine. Only the UMass 
data will be presented here. The population 1 domain in grain m1 sample 122902 was dated at 
840 ± 27 Ma (Fig. 5.17 and Table 5.10). The population 2 domain in grain m13 was dated at 969 
± 9 Ma and the population 3 domain in grain m3 at 737 ± 44 Ma. The older date of 969 ± 9 Ma is 
interpreted as representing Neoproterozoic metamorphism while all of the other younger 
Neoproterozoic ages are attributed to resetting. Kelsey et al. (2007) attributed similar ages in 
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monazite from the Rauer Group (Fig. 1.1) to resetting; as did Grew et al. (2012) for zircons 
yielding similar ages in another sample of Søstrene Orthogneiss collected nearby (122901). 
 The Cambrian domains of population 4 were dated at 514 ± 5.8 Ma and 522 ± 4.2 Ma. 
One of these domains occurs in a grain included in garnet and the domains have a high Th and 
low Y content. This indicates the domains grew at a time of partial melting during garnet growth, 
a similar situation to that in paragneisses with similar dates. These domains are thus also 
interpreted as representing post-peak decompression.  
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Figure 5.16. Backscattered electron base map of sample 122902 with Y maps of monazite. 
Increasing brightness from deep blue to bright yellow in the Y chemical maps indicate increasing 
Y content. Red dots represent to locations of monazite grains. Stars represent the locations of 
quantitative chemical analyses and dates. Qtz = quartz. Kfs = potassium feldspar. Pl = 
plagioclase. Grt = garnet.  
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Figure 5.17. Histogram of monazite dates in sample 122902 obtained at UMass. 
 
122902 
Domain Age Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
-m1p1- 840 ± 27 Ma MA 16822 6201 1425 18915 6 
-m13p2- 969 ± 9 Ma MA 46747 2933 2499 17751 6 
-m3p3- 737 ± 44 Ma MA 54141 3238 2153 8408 6 
-m2p4- 514 ± 6 Ma MA 73946 1141 1793 2269 6 
-m13p4- 522 ± 4 Ma MA 66570 1115 1649 2116 6 
        
-m7p2- 703 ± 66 Ma ME 82852 6576 3322 19737 3 
-m13p2- 1042 ± 38 Ma ME 52860 3497 3075 16893 5 
-m2p3- 718 ± 9 Ma ME 62359 2246 2264 3468 6 
-m10p3- 720 ± 60 Ma ME 61418 2070 2235 2230 6 
Table 5.10. Dates, 2 sigma error, and chemical content of monazite domains in sample 112902. 
Dates and errors obtained at UMaine are not considered reliable for interpretation other than 
differentiating between Cambrian and Neoproterozoic dates. MA = UMass. ME = UMaine. 
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5.6. Pegmatites 
 Six grains were mapped in sample 112801F (Fig. 5.18). All grains are located within the 
graphic quartz-cordierite intergrowth. There appear to be two populations of growth. Population 
1 domains occur as cores and are characterized by very high Th, lower Y and somewhat elevated 
U. Population 2 domains occur mostly as rims and are characterized by low but still relatively 
high Th and high Y. Population 1 domains were dated in both grains m1 and m3 and a 
population 2 domain was dated in grain m1.  
Six grains were mapped in sample 112901 (Fig. 5.19). Five of the grains occur within the 
graphic quartz-tourmaline intergrowth (grains m1, m2, m3, m5, and m6), and one grain (grain 
m4) occurs within an apatite grain. The grains within the graphic intergrowth all display 
oscillatory zoning and thus they will not be separated into populations or domains. Six zones 
within the oscillations were dated; two in grain m1 (“upper” and “lower”), one in grain m2, two 
in grain m5 (left and right), and one in grain m6.  
 Four grains were mapped in sample 011603A (Fig. 5.20). Three grains occur within the 
groundmass (m1, m3, and m4) and one is included within hercynite (m2). Two populations of 
growth are discernable: cores (population 1), which occur in all grains mapped, and high Th and 
high U rims (population 2), which occur in all grains within the groundmass, but not in hercynite 
(m2). Two population 1 domains were dated in grains m1 and m4 and one population 2 domain 
was dated in grain m1.  
The two population 1 domains in D 2-3 pegmatite sample 112801F are dated at 546 ± 8 
Ma and 578 ± 9 Ma (Fig. 5.21 and Table 5.11). The 546 ± 8 Ma date is in agreement with dates 
inferred to represent peak Cambrian metamorphism in the gneiss. The date of the population 2 
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domain is 531 ± 4, almost within error of the preceding date. The dates of all domains in D 2-3 
pegmatite sample 112901 are given in Table 5.11. These dates are mostly within agreement with 
each other and are interpreted as representing the age of emplacement of the pegmatite. 
Population 1 domains in D4 pegmatite sample 011603A were dated at 518 ± 2 Ma and 510 ± 5 
Ma, whereas the population 2 domain was dated at 526 ± 4 Ma. None of these dates are within 2 
sigma error and the population 2 domain which rims a population 1 domain (Fig. 5.20) is older 
than the population 1 domain it rims. This discrepancy could have resulted from resetting of the 
cores, alternatively the disturbance might have redistributed Th, U and Pb in both cores and rim. 
Thus, these dates cannot be considered reliable. In addition the errors associated with each date 
may be underestimated.  
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Figure 5.18. Backscattered electron base map of sample 112801F with Y maps of monazite 
grains. Increasing brightness from deep blue to bright yellow in the Y chemical maps indicates 
increasing Y content. Red dots mark locations of monazite grains. Stars represent the locations of 
quantitative chemical analyses and dates.  
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Figure 5.19. Backscattered electron base maps of sample 112901 with Th maps of monazite 
grains. Increasing brightness from deep blue to bright yellow in the Th chemical maps indicates 
increasing Th content. Red dots represent to locations of monazite grains. Stars represent the 
locations of quantitative chemical analyses and dates.  
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Figure 5.20. Backscattered electron base maps of sample 011603A with Th maps of monazite 
grains. Increasing brightness from orange to bright yellow in the Th chemical maps indicates 
increasing Th content.  Red dots represent to locations of monazite grains. Stars represent the 
locations of quantitative chemical analyses and dates. Feldspars include both potassium feldspar 
and plagioclase  
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Figure 5.21. Histograms of the dates monazite domains analyzed in pegmatites at UMass 
 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) # of pts 
112801F 
-m1p1- 546 ± 8 Ma MA 102515 3235 2788 17076 6 
-m3p1- 578 ± 9 Ma MA 91743 2983 2662 13758 6 
-m1p2- 531 ± 4 Ma MA 63975 2752 2752 28747 6 
112901  
-m1 upper right- 516 ± 5 Ma MA 18366 23889 2235 21364 7 
-m1 lower left- 503 ± 8 Ma MA 16280 23496 2101 22296 6 
-m2 486 ± 6 Ma MA 2986 20821 1544 10359 7 
-m5 right- 503 ± 8 Ma MA 2060 25299 1909 17324 6 
-m5 left- 502 ± 10 Ma MA 2617 27255 2064 18591 6 
-m6- 500 ± 4 Ma MA 2001 27004 2023 18944 6 
011603A1  
-m1p1- 518 ± 2 Ma MA 153875 3272 3826 3679 6 
-m4p1- 510 ± 5 Ma MA 151208 3609 3754 4551 3 
-m1p2- 526 ± 4 Ma MA 202308 8955 5472 4460 6 
Table 5.11. Table of dates, 2 sigma error, and chemical content of monazite domains analyzed in 
pegmatites. MA = UMaine.  
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CHAPTER 6  
DISCUSSION AND CONCLUSIONS 
 
The results of monazite dating presented in this thesis show that metamorphic rocks in 
the Larsemann Hills were affected by two major events, one in the Neoproterozoic and the 
second in the Cambrian, consistent with the conclusions reached in earlier work (e.g., Wang et 
al. 2008a, Kelsey et al. 2008, Grew et al. 2012). Using the petrologic context of the analyzed 
monazite grains as well as the chemical content of monazite domains, an attempt was made to 
date the three stages recognized in the metamorphic evolution (e.g., Grew et al. 2006, 2007): (1) 
a peak stage at high temperature and moderate pressure, (2) an early retrogression stage of 
decompression accompanied by partial melting, and (3) a late retrogression stage with further 
decompression and cooling. Ages of the individual stages were calculated by taking the dates of 
domains interpreted as forming due to each stage and calculating an age based on these dates and 
their errors using the Isoplot Excel plug-in discussed in Chapter 2. The results suggest that all 
three metamorphic stages preserved in these rocks are Cambrian in age. There is no conclusive 
evidence for any stage being Neoproterozoic, providing further support for Carson et al. (1997), 
who had concluded that the structures and metamorphic textures evolved entirely during the 
Cambrian event. All dates presented below were obtained at UMass. Below I summarize and 
discuss the Neoproterozoic and Cambrian ages determined for rocks from Prydz Bay.  
6.1 Neoproterozoic  
A single age of Neoproterozoic metamorphism for the Brattstrand Paragneiss is inferred 
from the dates of Neoproterozoic monazite domains. Seven Neoproterozoic monazite domains 
from the Brattstrand Paragneiss were used to calculate an age of Neoproterozoic metamorphism 
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at 911 ± 9 Ma (Fig. 6.1 and Table 6.1). Samples 011602A (5 domains) and 011702L2 (2 
domains) are the only samples containing Neoproterozoic domains in the Brattstrand Paragneiss. 
Neoproterozic monazite in sample 011602A shows a gradual change in chemical composition 
from cores to rims of grains that could indicate a range of metamorphic conditions (Fig. 5.3). 
However, dates for the rim and core domains are within uncertainty, and thus it is impossible to 
resolve the difference in ages of metamorphic stages in this sample. In addition, since all seven 
of these domains are either core domains or included within garnet, little information remains 
from their original petrologic context.  
Neoproterozoic monazite grains from the Søstrene Orthogneiss give dates ranging from 
~700 to ~900 Ma, the spread of which is likely the result of diffusional resetting. The one 
Neoproterozoic domain interpreted to have not been reset gives a date of 969 ± 8.8 Ma, but this 
single date is not sufficient to indicate a discrete metamorphic event at this time.   
Since Neoproterozoic monazite domains occur largely as inclusions in garnet or as cores 
overgrown by Cambrian monazite rims, there is little evidence that associated minerals, except 
possibly the garnet which encloses the dated monazite, formed during the Neoproterozoic. In 
contrast, it seems reasonable to assume that associated minerals are for the most part products of 
recrystallization during the Cambrian, and thus the results presented here provide limited 
evidence for mineral assemblages that formed during the Neoproterozoic event. Monazite grains 
with Neoproterozic domains tend to have Neoproterozoic high Y core domains which are 
rimmed by Neoproterozoic low Y domains (Fig. 5.3; Fig. A.5; Fig. A.8). This indicates that 
garnet breakdown preceded garnet growth which is consistent with an anticlockwise P-T path 
evolving during the Neoproterozoic as suggested by Tong and Lui (1997). Ren et al. (1992), 
Tong and Liu (1997) and Tong et al. (2014) estimated temperature and pressure conditions for 
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peak metamorphism during the Neoproterozoic event, which they termed M1, to be ~9 kbar and 
~850-900 ˚C. A Neoproterozoic monazite domain inferred to be in equilibrium with a xenotime 
inclusion gives temperatures of 733–830 ˚C (domain m1p1 in sample 121401C), based on 
monazite-xenotime geothermometry (Table 4.20). The monazite-xenotime association in this 
sample could be a relic from the Neoproterozoic event, but the geothermometry is too uncertain 
to conclude whether this range of temperatures is consistent with the temperature estimates of 
Ren et al. (1992), Tong and Liu (1997) and Tong et al. (2014). 
 
 
Figure 6.1. Histogram of Neoproterozoic monazite dates from the Brattstrand Paragneiss. 
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Neoproterozoic Monazite Dates 
011602A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) 
-m2p2- 898 ± 14.2 Ma MA 40535 8862 2866 19205 
-m2p3- 928 ± 23.2 Ma MA 43895 7801 2958 12132 
-m1p4- 910 ± 9 Ma MA 55828 3462 2789 2303 
-m16p5 858 ± 43.4 Ma MA 59174 2537 2635 1213 
-m11p5- 912 ± 10.2 Ma MA 54436 2142 2552 989 
011702L2 
-m4p1- 907 ± 10.6 Ma MA 27374 4550 1760 8869 
-m9p1- 922 ± 12 Ma MA 22664 4745 1621 11270 
Table 6.1. Dates, 2 sigma errors, and chemical content of monazite domains used to calculate the 
age of Neoproterozoic metamorphism of the Brattstrand Paragneiss. MA = U Mass. 
 
6.2 Peak Cambrian   
Monazite populations with domains interpreted as representing peak metamorphism in 
the Cambrian are as follows: population 6 in sample 011602A, population 1 in sample 011702I1, 
population 2 in sample 011702L2, and population 1 in sample 012104B. These populations were 
used to calculate the age of peak Cambrian metamorphism of 537 ± 6 Ma (Fig 6.1, Fig. 6.2 and 
Table 6.2). Population 6 domains in sample 011602A are depleted in Y and are either included in 
garnet or occur as cores in grains included in hercynite. Population 1 domains in sample 
011702I1 are either included in garnet or occur as cores in matrix grains. In these two samples, 
the domains are interpreted as representing peak conditions because they occur either in garnet or 
as monazite cores, suggesting that they are the oldest Cambrian domains in their respective 
samples. Population 2 domains in sample 011702L2 are found in grains associated with the 
orthopyroxene-garnet assemblage, which represents high-T granulite facies conditions in 
metapelites (Spear 1993) and thus likely represents peak conditions. Three population 1 domains 
from sample 012104B are all in grains associated with a phosphate segregation interpreted as 
forming during either peak or immediate post-peak conditions (Grew et al. 2006, 2007). The 
relatively high Y contents in sample 012104B monazite could be related to the Y-bearing apatite 
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(Table 5.17) acting as a Y reservoir instead of garnet. The dates of these domains are similar to 
dates of domains representing peak Cambrian conditions, thus confirming the suggestion that the 
phosphate segregations formed at peak Cambrian conditions rather than post peak. In summary, 
the age of the peak Cambrian metamorphic event is given by dates of monazite domains that (1) 
occur either as cores or as inclusions in garnet, (2) are associated with the assemblage of 
orthopyroxene-garnet, or (3) are associated with phosphate segregations.  
Previous P-T estimates are 6-7 kbar and 800–860 ˚C for peak conditions in the Cambrian 
(Fig 6.3; Fitzsimmons and Harley et al. 1992, Carson et al. 1997, Grew et al. 2006, 2007; Tong 
et al. 2014). The dates and textural relations for sample 011702L2 imply that orthopyroxene + 
garnet is a peak Cambrian assemblage, whereas Tong and Liu (1997) and Tong et al. (2014) 
interpreted this assemblage to be Neoproterozoic. 
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Figure 6.2. Histogram of Cambrian monazite domains. The dark green peaks represent domains 
from the Søstrene Orthogneiss and were factored into the calculation of the age of early 
retrograde metamorphism.  
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Peak Cambrian Monazite Dates 
011602A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) 
-m5p6- 561 ± 16.8 Ma MA 56378 3091 1680 1506 
011701I1 
-m4p1- 534 ± 6.8 Ma MA 41371 2725 1206 7359 
-m8p1- 535 ± 4.6 Ma MA 38768 2692 1145 8432 
011702L2 
-m10p2- 527 ± 4.8 Ma MA 25323 6677 1117 9027 
-m11p2- 538 ± 5.6 Ma MA 22469 7168 1112 10378 
012401B 
-m8p1 left- 536 ± 12 Ma MA 21009 10434 1328 38722 
-m8p1 right- 545 ± 4.8 Ma  MA 15948 14223 1532 32244 
-m22p1- 546 ± 7 Ma MA 19803 11714 1426 34507 
Table 6.2. Dates, 2 sigma errors, and chemical content of monazite domains used to calculate the 
Peak Cambrian metamorphism. MA = U Mass. 
 
Figure 6.3. Pressure-Temperature-time (P-T-t) path showing metamorphic evolution in the 
Larsemann Hills. Colored circles and arrows indicate peak and post peak metamorphic 
conditions for the Larsemann Hills based on P-T estimates reported in the literature for the 
Larsemann Hills and nearby exposures (Thost et al., 1994; Carson et al., 1997). Al2SiO5 
relations are from Pattison (1992). Age assignments are based on textures involving dated 
monazite domains. 
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6.3 Early Retrograde Cambrian  
Peak metamorphic conditions in the Larsemann Hills were followed by decompression 
accompanied by partial melting (Carson et al. 1997), which will be referred to here as the “early 
retrograde stage”. Monazite populations with domains interpreted to represent early retrograde 
metamorphism are as follows: population 1 in sample 123102A, population 7 in sample 
011602A, population 2 in sample 011702I1, population 3 in sample 011701B1, and population 4 
in sample 122902 (Table 6.3). ). Dates from these domains were used to calculate an age of 525 
± 3 Ma for early retrograde metamorphism. Domains of these populations have higher Th 
content than peak domains (Fig. 6.4) indicating that growth took place at a time of melt 
production (Dumond et al. 2015, Williams et al. 2017). Sample 123102A is a restite with 
leucosome, which provides direct outcrop-scale petrologic evidence of melt production. Domains 
of population 7 in sample 011602A occur within a hercynite-quartz intergrowth interpreted as 
having formed during decompression; similar intergrowths attributed to decompression were 
described by Fitzsimmons and Harley (1992) and Ren et al. (1992). Sample 122902 is from the 
Søstrene Orthogneiss, whereas the other samples are from the Brattstrand Paragneiss. Both units 
are believed to have been at the same structural level during the Cambrian event and thus likely 
to have experienced the same metamorphic process at this time. Thus, domains from both units 
were used to calculate an age of early retrograde metamorphism. In summary, monazite domains 
giving Cambrian ages and associated with early retrograde textures and/or with chemical 
compositions indicating the presence of melts were used to calculate an age for early retrograde 
metamorphism during the Cambrian event (Fig. 6.2, and Table 6.3). 
Carson et al. (1997) used the average pressure approach of Powell and Holland (1994) to 
conclude that assemblages associated with decompression and partial melting formed under P-T 
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conditions of ~4-5 kbar and ~750 ˚C (Fig. 6.3). Fitzsimmons and Harley (1992), and Ren et al. 
(1992) suggested that hercynite-quartz intergrowths similar to those found in sample 011602A 
formed as a result of decompression at similar P-T conditions to those Carson et al. (1997) 
estimated for decompression and melting (Table 1.1). Metamorphism at these conditions is 
interpreted as forming during the late D2 deformational event and during the transition into the 
high strain regionally extensive D3 deformational event (Carson et al. 1997).  
 
Early Retrograde Cambrian Monazite Dates 
123102A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) 
-m1p1- 535 ± 9.2 Ma  MA 72283 500 1777 1280 
-m4p1- 528 ± 2.6 Ma MA 104815 487 2526 4711 
011602A 
-m8p7- 520 ± 15.4 Ma MA 58794 3030 1606 4593 
-m16p7- 518 ± 6.2 Ma MA 59217 3194 1623 4919 
-m20p7- 519 ± 6.8 Ma  MA 59030 2854 1595 4430 
01170I1I 
-m7p2- 522 ± 7.2 Ma  MA 132292 2532 3300 1990 
-m8p2- 528 ± 4.8 Ma MA 122113 1415 3006 1215 
011701B1 
-m2p3- 522 ± 4.6 Ma MA 61137 5264 1843 5293 
122902 
-m2p4- 514 ± 5.8 Ma MA 73946 1141 1793 2269 
-m13p4- 522 ± 4.2 Ma MA 66570 1115 1649 2116 
Table 6.3. Dates, 2 sigma errors, and chemical content of monazite domains used to calculate the 
age of early retrograde Cambrian metamorphism. MA = U Mass. 
 
 158  
 
 
Figure 6.4. Plot of atomic proportions of various components in monazite domains interpreted as 
representing the three metamorphic events during the Cambrian. The early retrograde event is 
characterized by higher Th content than the peak metamorphic event, and the late retrograde 
metamorphic event is characterized by significantly higher Y content. The three peak domains 
with high Y content are from sample 012104B, which has a distinctly different bulk composition 
and mineralogy than the other samples, which probably explains the discrepancy with the other 
peak domains.  
 
6.4 Late Retrograde Cambrian 
 Late retrograde metamorphism during the Cambrian is characterized by further 
decompression as well as cooling. Monazite populations with domains interpreted as 
representing this late retrograde event are population 2 in sample 123102A and population 4 in 
sample 011702I1 (Fig. 6.2, Fig. 6.3 and Table 6.4). These domains have both relatively high Y 
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content, indicating formation at a time of garnet breakdown (Spear and Pyle 2002, Yakymchuk 
2015, Dumond et al. 2015). In addition, the population 4 domains in sample 011702I1 are 
enclosed in a cordierite-quartz symplectite in contact with garnet, providing further evidence that 
the domains grew at a time of garnet breakdown. The age of late retrograde conditions calculated 
based on the dates of the selected domains is 512 ± 2 Ma (Fig. 6.2).  
To some extent, the late retrograde stage represents a continuation of the early retrograde 
stage with no obvious break. Thorium content is high in population 2 domains in sample 
123102A, which indicated that melt was still present at the time of formation, whereas Th 
content is somewhat lower in population 4 domains in sample 011702I1, indicating that melt 
may have been partly expelled from this particular rock. Temperature and pressure estimates for 
this event were estimated to be 3 kbar and 600 ˚C based on P-T estimates of textures in the 
region of cordierite formed from breakdown of garnet (Stüwe and Powell 1989a; Stüwe et al. 
1989). In addition, the presence of andalusite in sample 123102A provides evidence for 
retrograde metamorphism continuing into the andalusite field. It is unclear whether late 
retrograde metamorphism occurred during or following the D3 deformational event. The spread 
in ages encompassing all the Cambrian domains suggests that Cambrian metamorphism could 
have lasted for as much as 60 m.y. (Fig. 6.2).  
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Late Cambrian Retrograde Metamorphism 
123102A 
Domain Date Location Th (ppm) U (ppm) Pb (ppm) Y (ppm) 
-m1p2- 513 ± 2 Ma MA 85001 561 2004 25880 
-m4p2- 512 ± 6 Ma  MA 78809 682 1865 28083 
011702I1 
-m11p4- 501 ± 25.6 Ma  MA 51281 1907 1296 15203 
-m14p4- 500 ± 21 Ma MA 21491 2300 653 17861 
Table 6.4. Dates, 2 sigma errors, and chemical content of monazite domains used to calculate the 
age of late retrograde Cambrian metamorphism. MA = U Mass. 
 
6.5 Pegmatites 
 Of the three generations of pegmatites intruding the Brattstrand Paragneiss (D2-3, D4, 
and post D4; Maas et al. 2015), samples 112901 and 112801F from the D2-3 generation and 
011603A1 from the D4 generation were analyzed. The dates of the domains in sample 112901 
are mostly all within the uncertainties and an age of 506 ± 10 Ma was calculated as the age of 
emplacement of this pegmatite. Individual dates of domains for samples 112801F and 011603A1 
are too disparate (Table 5.11) for the average to be meaningful, and thus none were calculated. 
 The monazite ages from the pegmatites cannot always be differentiated from one another 
or from the Progress Granite (Fig 6.5), even though field observations revealed cross-cutting 
relationships (Maas et al. 2015). The age of 506 ± 10 Ma for the emplacement of D2-3 pegmatite 
sample 112901 is within error of the Progress Granite, dated at 514 ± 7 Ma by SHRIMP U-Pb in 
zircon in exposures south of Wilcock Bay (Carson et al. 1996). Field relations at one locality east 
of Wilcock Bay (Fig. 1.5) show a vein of Progress Granite cutting a D2-3 pegmatite (Maas et al. 
2015, Fig. 6). Although an age of emplacement could not be meaningfully calculated for D4 
pegmatite sample 011603A1, the dates of most domains in this sample are not only within error 
of the age of D 2-3 pegmatite sample 112901, but also are consistent with the age of the Progress 
Granite suggested by Maas et al. (2015). In summary, differences in ages of emplacement of the 
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pegmatites and Progress Granite inferred from structural or crosscutting relations cannot be 
resolved by electron microprobe dating of monazite. 
The monazite dates from the pegmatites are not always entirely consistent with ages from 
the Brattstrand Paragneiss. There is a discrepancy between the age for the D2-3 pegmatite 
sample 112901 and ages for the D2 and D3 deformational events (Fig 6.5), which together 
correspond to the peak and early retrograde stages (Carson et al. 1997), i.e., to a range from 525 
± 3 Ma to 537 ± 6 Ma (Fig. 6.3). The 506 ± 10 Ma date of D2-3 pegmatite sample 112901 is 
significantly younger than both the D2 and D3 deformational events. These results suggest two 
possible explanations: (1) the relative ages of the pegmatite generations, Progress Granite and the 
stages of metamorphism simply cannot be resolved with confidence using the electron 
microprobe dating method, or (2) the age of sample 112901 is an outlier, possibly reset later on 
the retrograde path, and thus should not be used to date the age of pegmatite emplacement in the 
Larsemann Hills. 
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Figure 6.5. Histogram showing the timing of pegmatites, the Progress Granite, and the early and 
late retrograde phases of metamorphism. D2-3 pegmatite 112901 is within error of the Progress 
Granite and two domains of D4 pegmatite 011603A1; however it is not within error of the early 
retrograde metamorphic event as expected. The dates of the domains in D4 pegmatite 011603A1 
are within error of the progress granite as expected. The Progress Granite is close in age to the 
early and late retrograde metamorphic events indicating that the intrusion was emplaced towards 
the later stages of continental collision.  
 
6.6 Comparison with Recent Geochronological Studies in Prydz Bay 
 Bedrock exposures along the southeast coast of Prydz Bay (Fig. 1.1) have been the focus 
of numerous geochronological studies since 1982, many of which have concerned the Larsemann 
Hills, neighboring Bolingen Islands, and Rauer Group (Fig 1.1 and Table 6.5). The comparison 
will focus on the most recent of these studies: Kelsey et al. (2007, 2008); Wang et al. (2008a) 
and Grew et al. (2012). Ages of metamorphic events presented here are in agreement with the 
results of Kelsey et al. (2007), who suggest two distinct metamorphic age populations of 950 – 
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820 Ma and ca. 570 – 510 Ma based on in-situ electron microprobe monazite dates from the 
Bolingen Islands and exposures of the Rauer Group (Fig. 1.1;Table 6.5). The Neoproterozoic 
metamorphic age of 911 ± 9 Ma presented here for metamorphism of the Larsemann Hills is in 
agreement with the range of metamorphic ages of Kelsey et al. (2007) for the Bolingen Islands 
and Rauer Group (Table 6.5). In addition, Kelsey et al. 2007 determined that the Rauer Group 
underwent peak to post-peak metamorphism from ca. 545 to ca. 525 Ma, and the youngest 
monazite population was dated at ~511 Ma. The age of ca. 545 to ca. 525 Ma for the age of peak 
to post-peak metamorphism in the Rauer Group is in good agreement with the ages of 537 ± 6 
Ma and 525 ± 3 Ma presented here for the ages of peak and early retrograde metamorphism 
respectively for the Larsemann Hills.  
Kelsey et al. (2007) suggest that the Cambrian metamorphic event lasted for 60 million 
years, which is consistent with the duration of 60 m.y. estimated from the data presented here. 
The similarities between the conclusions reached in this work and in Kelsey et al. (2007) support 
the idea that the Larsemann Hills, Bolingen Islands, and Rauer Group all share a common 
metamorphic history. The pressure and temperature conditions estimated for the Rauer Group, 
however, are higher than those estimated for the Brattstrand Paragneiss, with peak conditions 
reaching ~9.5 kbar and 950˚C (Kelsey et al. 2007) or even 12 kbar and 1050˚C (Harley 1998). 
Based on differences in structures between the regions, Carson et al. (1997) suggested that the 
Rauer Group resided lower in the crust than the Larsemann Hills during the Cambrian event, 
which would explain the difference in pressure and temperature conditions.   
Fitzsimmons et al. (1997) dated zircon and monazite from the Brattstrand Bluffs area 
Figure 1.1) using U-Pb isotopes by SHRIMP. They found evidence for two stages of monazite 
growth based on Th zoning in monazite: a peak metamorphic stage indicated by low Th cores 
 164  
 
and a retrograde stage represented by high Th rims. They determined that peak conditions 
occurred at ca. 535 Ma and that early retrograde conditions occurred at ca. 518 Ma. These ages 
of peak metamorphism are in remarkable agreement with the age of peak metamorphism from 
this work. The age of retrograde metamorphism determined by Fitzsimmons et al. (1997) based 
on dates of high Th monazite domains is slightly younger than the age of early retrograde 
monazite domains in this study also based on the dates of high Th domains. This thesis revealed 
a population of high Th monazite domains also high in Y. These domains were inferred to have 
formed as a result of a later metamorphic process (late retrograde metamorphism). Fitzsimmons 
et al. (1997) did not consider Y in their study, and younger high Y domains now interpreted as 
forming later may have been considered by Fitzsimmons et al. (1997) to be synchronous with 
low Y, high Th domains. The retrograde stage reported by Fitzsimmons et al. (1997) thus may be 
a mixed age between domains of the stages now interpreted as being early and late retrograde. 
This likely explains the different interpretations reached in the two studies.    
 Wang et al. (2008a) constrained the age of Neoproterozoic granulite-facies 
metamorphism in the Larsemann Hills at ca. 1000 Ma based on SHRIMP U-Pb dating of zircon. 
They determined a maximum depositional age of the Brattstrand Paragneiss between ca. 1100 
and ca. 1000 Ma. Grew et al. (2012) reported zircon ages in the Tassie Tarn Metaquartzite (a unit 
in the Brattstrand Paragneiss) and Søstrene Orthogneiss in the Larsemann Hills obtained by 
SHRIMP U-Pb dating and constrained the age of a high-grade Neoproterozoic metamorphic 
event in the Brattstrand Paragneiss between ca. 900 and ca. 1000 Ma. Based on the maximum 
depositional age of detrital zircons in the Tassie Tarn Metaquartzite, they determined that the 
Brattstrand Paragneiss was deposited at ca. 1000 Ma.  
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The 911 ± 9 Ma age for Neoproterozoic metamorphism of the Brattstrand Paragneiss 
presented here is younger than the age reported by Wang et al. (2008a) and consistent with the 
younger end of metamorphic ages estimated by Grew et al. (2012) of ca. 900 Ma. In addition, the 
date of 969 ± 8.8 Ma for a single domain in the Søstrene Orthogneiss is also in agreement with 
Grew et al. (2012), although whether or not this date is meaningful is unknown as sufficient 
confidence cannot be put in a single date. The 911 ± 9 Ma metamorphic monazite age based on 
monazite domains in the Brattstrand Paragneiss provides further support for an early 
Neoproterozoic or Late Mesoproterozoic depositional age of the Brattstrand Paragneiss proposed 
by Wang et al. (2008a) and Grew et al. (2012) rather than the late Neoproterozoic ca. 600 Ma 
depositional age proposed by Kelsey et al. (2008). 
Wang et al. (2008a) and Grew et al. (2012) both presented an age of ca. 530 Ma for high 
grade Cambrian metamorphism in the Larsemann Hills. The monazite ages of 537 ± 6 Ma, 525 ± 
3 Ma and 512 ± 2 Ma presented here for Cambrian metamorphism are in good agreement with 
the ages presented by Wang et al. (2008a) and Grew et al. (2012). In summary, the ages for the 
Neoproterozoic and Cambrian events reported in this thesis are mostly consistent with the results 
of recent geochronological studies based largely on SHRIMP U-Pb dating of zircon.  
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 This study 
Fitzsimmons 
et al. (1997) 
Kelsey et al. 
(2007) 
Kelsey et al. 
(2008) 
Wang et al. 
(2008a) 
Grew et al. 
(2012) 
Locality  
Larsemann 
Hills 
Brattstrand 
Paragneiss 
Bolingen 
Islands and 
Rauer Group 
Bolingen 
Islands and 
Rauer Group 
Larsemann 
Hills and 
Bolingen 
Islands 
Larsemann 
Hills 
Method  
EMPA 
monazite 
SHRIMP 
zircon and 
monazite 
EMPA 
monazite 
LA-ICP-MS 
zircon 
SHRIMP 
zircon 
SHRIMP 
zircon 
Cambrian 
Metamorphic age 
537 ± 6 Ma 
to 512 ± 2 
Ma 
ca. 535 to 
ca. 518 Ma 
570 to 510 
Ma 
N/A ca. 530 Ma ca. 530 Ma 
Neoproterozoic 
/Mesoproterozoic 
Metamorphic age  
911 ± 9.3 
Ma 
N/A 
950 to 820 
Ma 
N/A ca. 1000 Ma 
ca. 900 to 
ca. 1000 
Ma 
Maximum 
depositional age 
of Brattstrand 
Paragneiss 
N/A N/A N/A ca. 600 Ma 
ca. 1000 to 
ca. 1100 Ma 
ca. 1000 
Ma 
Table 6.5. Summary of geochronological data from recent studies of the Prydz Bay area. 
 
6.7 Tectonic Implications 
The results presented here indicate that the Larsemann Hills experienced high-grade 
metamorphism at 911 ± 9 Ma, indicating that these rocks were buried to mid crustal depths at 
this time (Fig 6.3). This result provides support for tectonic models that suggest collision 
between the Indio-Antarctic Craton and island arcs, microcontinents, or a continent around this 
time (Fig. 1.3; Boger 2011; Grew et al. 2012; Lui et al. 2013). Multiple terranes now located 
inland of Prydz Bay were possibly involved in collision with the Indio-Antarctic Craton at this 
time, including the Fisher Terrane, Lambert Terrane, or Ruker Terrane (Figs. 1.2-1.3). Results 
from other studies of zircon have suggested that metamorphism occurred between ca. 900 Ma 
and ca. 1000 Ma (Grew et al. 2012; Wang et al. 2008a), and that the precursor to the Blundell 
Orthogneiss was emplaced at 968 ± 13 Ma (Grew et al. 2012). These results indicate that the 
Neoproterozoic tectonic event in Prydz Bay was long lived and occurred in part before ~911 Ma. 
The metamorphism at ~911 Ma thus occurred towards the end of the Neoproterozoic tectonic 
event in the Larsemann Hills. There are several terranes that collided or possibly collided with 
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the Indio-Antarctic Craton at this time, and thus it is likely that the ~911 Ma age represents one 
of the last of these collisions. It is possible that older monazite populations occur in the 
Larsemann Hills or neighboring areas, recording earlier phases of this tectonic event as is 
recorded by zircon. The date of 969 ± 8.8 Ma for a single domain in the Søstrene Orthogneiss is 
the only evidence (although speculative) presented in this study for earlier stages of this tectonic 
event.  
It is likely that the Larsemann Hills were exhumed to a level in the upper crust too 
shallow for metamorphism to take place following the ~911 Ma metamorphic event, as there is 
no evidence for metamorphism between ca. 900 and ca. 600 Ma. Some monazite domains were 
dated to be within this time range, and studies of zircon (Grew et al. 2012) also yielded dates in 
this interval. However, these dates are interpreted to be the result of resetting and not 
metamorphism between ca. 900 and ca. 600 Ma.  
The Cambrian results presented here confirm the timing of the younger tectonic event 
and indicate that it persisted over at most 60 m.y., with peak conditions occurring at 537 ± 6 Ma, 
near isothermal decompression occurring at 525 ± 3 Ma, and further decompression and cooling 
occurring at 512 ± 2 Ma (Fig. 6.3). This provides further support for tectonic models suggesting 
that high grade metamorphism occurring at this time was associated with the assembly of 
Gondwana. Furthermore, knowing the ages of the individual stages of metamorphism allows for 
time constraints to be placed on various points in the orogenic process. Some researchers have 
attributed the Cambrian metamorphism to continental collision between the Indo-Antarctic 
Craton and Australo-Antarctic Craton and suggest that the suture lies inland of Prydz Bay under 
the ice (Grew et al. 2012; Lui et al. 2013; Fig 1.4). Others favor a model where the cause of 
Cambrian metamorphism was an intracontinental reworking in response to the collision (Tong et 
 168  
 
al. 2014), and suggest that the overprinting of the Neoproterozoic event by the Cambrian event is 
evidence of intracontinental reworking. The results of this study, however, are consistent with 
either model and do not favor one over the other.  
Carson et al. (1997) suggested that during continental collision, the Larsemann Hills were 
buried to 20 to 24 km depth (~6–7 kbar) as a result of thrust-pile stacking during the early D2 
deformational event. They determined that the Larsemann Hills resided on the overthrust crustal 
segment during collision and that deformation changed from D2 transpression in the mid crust to 
D3 extension in the upper crust as the Larsemann Hills were exhumed from mid to upper crustal 
levels during continental collision (Fig. 6.3). D2 structures in the Larsemann Hills are associated 
with peak metamorphic assemblages (Carson et al. 1997); I have dated these assemblages at 537 
± 6 Ma. This suggests that the Larsemann Hills were buried to their maximum depth of 20 to 24 
km at 537 ± 6 Ma during peak metamorphic conditions. Exhumation from the maximum depth 
occurred during the later D2 deformation and D3 deformation events in conjunction with partial 
melting and decompression as orogenesis continued. This occurred at the time of the early 
retrograde stage of metamorphism at 525 ± 3 Ma. The Larsemann Hills reached a depth of 10 km 
(3 kbar) when garnet began to break down and andalusite began to replace sillimanite at 512 ± 2 
Ma.  
The 512 ± 2 Ma age of retrograde metamorphic stages indicate that the 514 Ma Progress 
Granite (Carson et al. 1996) was likely emplaced during the later stages of the Cambrian event 
during exhumation (Fig 6.5). The emplacement of the Progress Granite is related to the 
formation of the D4 and Post D4 generations of pegmatite (Maas et al. 2015); the anatexis 
resulting in these generations of pegmatite likely occurred as a response to later stage 
exhumation as well.  
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Relating the variables of pressure, temperature, and time allows for exhumation rates as 
well as cooling rates to be calculated. As tectonic models become more sophisticated, these rates 
can be important for determining the tectonic setting and crustal processes associated with 
metamorphism (Kelsey and Hand 2015). Based on the pressure estimates from Carson et al. 
(1997) combined with the time constrains reveled from this work, the exhumation rate between 
peak and retrograde conditions was calculated to be ~0.6 km/m.y. The exhumation rate between 
early retrograde metamorphism and late retrograde metamorphism was calculated to be ~0.4 
km/m.y. based on pressure estimates from Carson et al. (1997) for early retrograde 
metamorphism and pressure estimates from Stüwe and Powell (1989a) for late retrograde 
metamorphism. Fitzsimmons et al. (1997) determined an exhumation rate of ~0.5 km/m.y. 
between peak metamorphism and Db (roughly equivalent to early retrograde metamorphism in 
this study) for the Prydz Bay area. This rate is in good agreement with the rate of ~0.6 km/m.y. 
determined in this study. Several studies have attempted to determine exhumation rates of 
modern orogens using fission track dating of zircon in sediments and sedimentary rocks. One 
such study (Bernet et al. 2006) determined an exhumation rate 1.4 ± 0.2 km/m.y. for the 
Himalayas over the last 16 million years. Another study (Bernet et al. 2009) determined an 
average exhumation rate of a regional scale of 0.2 to 0.3 km/m.y. for the European Alps; 
although they determined that rates increased to 0.4 to 0.7 km/m.y. at certain times. Exhumation 
rates in continental collisional zones vary from orogen to orogen and the rates estimated in this 
study for the Larsemann Hills are more consistent with the modern day exhumation rate of the 
European Alps than the Himalayas.   
Based on the P-T estimates from Carson et al. (1997) for peak and early retrograde 
metamorphism and time constraints for these stages revealed in this study, the cooling rate 
 170  
 
between peak (537 ± 6 Ma) and early retrograde metamorphism (525 ± 3 Ma) was small at ~4 
˚C/m.y compared to the exhumation rate of 0.6 km/m.y. P-T estimates for late retrograde 
metamorphism (Stüwe and Powell 1989a) suggest that by 512 ± 2 Ma the cooling rate had 
increased to ~12 ˚C/m.y while the exhumation rate had slightly declined. A possible mechanism 
for the slow cooling rate relative to the exhumation rate immediately following peak conditions 
is presented here. Heating of the region at its maximum depth likely resulted in the extension 
responsible for decompression and partial melting. As extension drove exhumation, temperatures 
remained high due to thinning of the crust as it was being exhumed. Following the initial crustal 
thinning, the cooling rate picked up at around 512 ± 2 Ma as the exhumation rate slowed from 
~0.6 km/m.y to ~0.4 km/m.y. Fitzsimmons et al. (1997) however, determined a cooling rate of 
over 10 ˚C/m.y. between ca. 535 Ma and ca. 518 Ma followed by a slower rate of < 5 ˚C/m.y. by 
ca. 510 Ma. The different interpretations likely result from two factors: (1) Fitzsimmons et al. 
(1997) did not differentiate between early and late retrograde metamorphism (Chapter 6.6) and 
(2) Fitzsimmons et al. (1997) used different P-T constraints for their calculations. Zhao et al. 
(1992) determine that biotite cooled to 250-350 ˚C by 490 Ma. Combined with the age of 537 ± 
6 Ma for peak metamorphism, this suggests that cooling took place over at least 45 m.y. The 
duration of cooling of orogens is highly variable (Kelsey and Hand 2015) and 45 m.y. is 
consistent with the average duration of cooling presented by Kelsey and Hand (2015).  
6.8 Conclusions 
 In-situ monazite dating by EMPA has been effectively used to identify a Neoproterozoic 
metamorphic event and a three-stage Cambrian metamorphic event in the Larsemann Hills, 
Antarctica. The Neoproterozoic metamorphic event was found to have an age of 911 ± 9 Ma. 
The peak of the Cambrian event was found to occur at 537 ± 6 Ma at ~7 kbar and ~800 ˚C. The 
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early retrograde stage of the Cambrian event was found to have an age of 525 ± 3 Ma and was 
characterized by partial melting and near isothermal decompression to ~4.5 kbar and ~750 ˚C. 
The late retrograde stage of metamorphism occurred at 512 ± 2 Ma and was characterized by the 
breakdown of garnet and further decompression and cooling. The spread of Cambrian monazite 
dates indicate that metamorphism could have lasted for at least 60 m.y. The results of this study 
are mostly consistent with other geochronological studies of the Prydz Bay area, which suggest 
evidence for metamorphism ca. 530 Ma and ca. 900 to 1000 Ma. The results are consistent with 
the model of island arc and microcontinent collisions as the cause of metamorphism during the 
Early Neoproterozoic, and are consistent with either the continental collision or intracontinental 
reworking models as being the cause of metamorphism during the Cambrian.      
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APPENDIX A 
CHEMICAL COMPOSITION OF MONAZITE DOMAINS  
 
Sample 123102A 
Domain m1 p1 m4 p1 m4 p1  m1 p2 m4 p2 m4 p2  
Location MA MA ME MA MA ME 
Wt %   
     
SO3 0.04 0.02 0.00 0.03 0.02 0.02 
P2O5 27.66 26.82 26.63 27.99 28.44 28.22 
As2O5 0.04 0.02 - 0.24 0.07 0.00 
SiO2 1.35 1.97 2.40 1.54 1.43 1.85 
ThO2 8.23 11.93 14.59 9.67 8.97 10.76 
UO2 0.06 0.06 0.14 0.06 0.08 0.11 
Al2O3 - - 0.00 - - 0.03 
Sc2O3 - - 0.00 - - 0.00 
Y2O3 0.16 0.60 0.45 3.29 3.57 3.26 
La2O3 12.91 12.14 11.70 11.42 11.84 11.56 
Ce2O3 29.31 27.06 26.78 25.65 26.09 25.98 
Pr2O3 3.30 3.06 2.84 2.87 2.90 2.78 
Nd2O3 13.32 12.62 11.71 11.75 11.77 10.93 
Sm2O3 1.78 1.70 1.59 1.77 1.66 1.56 
Eu2O3 0.07 0.07 0.07 0.07 0.08 0.13 
Gd2O3 0.85 1.05 0.97 1.64 1.41 1.44 
Tb2O3 0.00 0.01 0.00 0.11 0.09 0.00 
Dy2O3 0.08 0.25 0.19 0.91 0.86 0.87 
Ho2O3 0.00 0.02 0.00 0.15 0.11 0.16 
Er2O3 0.01 0.01 0.03 0.22 0.24 0.27 
Tm2O3 0.02 0.00 0.10 0.05 0.06 0.06 
Yb2O3 0.00 0.00 0.04 0.08 0.07 0.10 
Lu2O3 - - 0.00 - - 0.00 
MgO - - 0.01 - - 0.00 
CaO 0.45 0.48 0.56 0.53 0.47 0.55 
FeO - - 0.16 - - 0.31 
SrO 0.00 0.00 - 0.00 0.00 - 
PbO 0.19 0.27 0.34 0.22 0.20 0.27 
K2O 0.00 0.00 - 0.00 0.00 - 
Total 99.83 100.15 101.31 100.27 100.44 101.21 
Table A.1. EMPA analyses of monazite domains in sample 123102A, 
expressed as wt % oxide.  
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Sample 123102A 
Domain m1 p1 m4 p1 m4 p1 
UMaine 
m1 p2 m4 p2 m4 p2 
UMaine 
Location MA MA ME MA MA ME 
Cations per 4 Oxygens 
    
S 0.001 0.001 0.000 0.001 0.001 0.001 
P 0.942 0.918 0.905 0.937 0.946 0.934 
As 0.001 0.000 - 0.005 0.001 - 
Si 0.054 0.080 0.096 0.061 0.056 0.072 
Th 0.075 0.110 0.133 0.087 0.080 0.096 
U 0.001 0.000 0.001 0.001 0.001 0.001 
Al - - 0.000 - - 0.001 
Sc - - 0.000 - - 0.000 
Y 0.003 0.013 0.010 0.069 0.075 0.068 
La 0.192 0.181 0.173 0.167 0.172 0.167 
Ce 0.432 0.401 0.394 0.371 0.375 0.372 
Pr 0.048 0.045 0.042 0.041 0.041 0.040 
Nd 0.191 0.182 0.168 0.166 0.165 0.153 
Sm 0.025 0.024 0.022 0.024 0.022 0.021 
Eu 0.001 0.001 0.001 0.001 0.001 0.002 
Gd 0.011 0.014 0.013 0.022 0.018 0.019 
Tb 0.000 0.000 0.000 0.001 0.001 0.000 
Dy 0.001 0.003 0.002 0.012 0.011 0.011 
Ho 0.000 0.000 0.000 0.002 0.001 0.002 
Er 0.000 0.000 0.000 0.003 0.003 0.003 
Tm 0.000 0.000 0.001 0.001 0.001 0.001 
Yb 0.000 0.000 0.000 0.001 0.001 0.001 
Lu - - 0.000 - - 0.000 
Mg - - 0.001 - - 0.000 
Ca 0.019 0.021 0.024 0.023 0.020 0.023 
Fe - - 0.005 - - 0.010 
Sr 0.000 0.000 - 0.000 0.000 - 
Pb 0.002 0.003 0.004 0.002 0.002 0.003 
K 0.000 0.000 - 0.000 0.000 - 
Total 2.001 1.998 1.997 1.997 1.996 1.999 
Table A.2. EMPA analyses of monazite domains in sample 123102A 
expressed as cations per 4 oxygens.  
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Sample 011602A 
Domain m5 p1 m2 p2 m2 p3 m1 p4 m1 p4 m11 p5 m16 p5 
Location ME MA MA MA ME MA MA 
Wt %   
      
SO3 0.00 0.03 0.03 0.03 0.00 0.02 0.02 
P2O5 29.48 30.88 30.27 30.10 28.90 29.23 29.09 
As2O5 - 0.02 0.03 0.17 - 0.05 0.07 
SiO2 0.34 0.07 0.09 0.37 0.58 0.78 0.78 
ThO2 3.84 4.61 4.99 6.35 7.28 6.19 6.73 
UO2 1.33 1.01 0.88 0.39 0.55 0.24 0.29 
Al2O3 0.01 - - - 0.01 - - 
Sc2O3 0.02 - - - 0.01 - - 
Y2O3 2.74 2.44 1.54 0.29 0.19 0.13 0.15 
La2O3 14.15 14.55 14.10 14.89 14.33 15.22 14.88 
Ce2O3 28.04 27.71 27.90 28.90 28.94 29.85 29.28 
Pr2O3 2.83 2.86 2.92 3.02 2.83 3.20 3.15 
Nd2O3 10.05 10.77 11.42 11.63 10.57 12.18 11.99 
Sm2O3 1.85 1.75 1.95 1.85 1.77 1.93 1.95 
Eu2O3 0.45 0.35 0.30 0.19 0.09 0.12 0.12 
Gd2O3 1.95 1.60 1.79 1.26 1.34 0.94 0.99 
Tb2O3 0.00 0.10 0.11 0.00 0.00 0.01 0.00 
Dy2O3 0.95 0.82 0.71 0.15 0.18 0.08 0.10 
Ho2O3 0.06 0.07 0.00 0.00 0.05 0.03 0.00 
Er2O3 0.12 0.13 0.01 0.00 0.02 0.00 0.01 
Tm2O3 0.13 0.04 0.04 0.01 0.09 0.02 0.00 
Yb2O3 0.03 0.03 0.02 0.00 0.00 0.01 0.00 
Lu2O3 0.00 - - - 0.00 - - 
MgO 0.00 - - - 0.00 - - 
CaO 0.93 1.11 1.17 1.07 1.29 0.58 0.72 
FeO 0.41 - - - 0.56 - - 
SrO - 0.03 0.00 0.00 - 0.00 0.01 
PbO 0.29 0.31 0.32 0.30 0.39 0.27 0.28 
K2O - 0.00 0.00 0.00 - 0.00 0.00 
Total 99.99 101.28 100.60 100.99 99.99 101.11 100.63 
Table A.3. EMPA analyses of monazite domains in sample 011602A, expressed as 
wt % oxide (populations 1-5).  
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Sample 011602A 
Domain m5 p6 m8 p6 m8 p7 m16 p7 m20 p7 m20 p7 
Location MA ME MA MA MA ME 
Wt %        
SO3 0.01 0.02 0.02 0.02 0.01 0.00 
P2O5 29.32 28.65 29.57 29.97 29.81 28.75 
As2O5 0.07 - 0.00 0.07 0.00 - 
SiO2 0.58 0.73 0.41 0.41 0.37 0.71 
ThO2 6.42 7.56 6.69 6.74 6.72 7.99 
UO2 0.35 0.48 0.34 0.36 0.32 0.45 
Al2O3 - 0.03 - - - 0.01 
Sc2O3 - 0.02 - - - 0.01 
Y2O3 0.19 0.09 0.58 0.62 0.56 0.40 
La2O3 14.98 14.20 14.89 14.05 14.33 13.83 
Ce2O3 29.41 29.10 29.17 28.16 28.22 28.50 
Pr2O3 3.12 2.97 3.08 3.03 2.99 2.95 
Nd2O3 12.05 10.88 11.89 11.83 11.67 10.71 
Sm2O3 1.79 1.85 1.87 2.15 2.04 1.87 
Eu2O3 0.18 0.08 0.10 0.11 0.12 0.00 
Gd2O3 0.94 1.12 1.28 1.51 1.38 1.31 
Tb2O3 0.00 0.00 0.00 0.06 0.06 0.11 
Dy2O3 0.06 0.14 0.21 0.30 0.28 0.24 
Ho2O3 0.00 0.00 0.00 0.03 0.00 0.00 
Er2O3 0.00 0.03 0.00 0.03 0.00 0.06 
Tm2O3 0.00 0.06 0.01 0.00 0.03 0.08 
Yb2O3 0.00 0.00 0.00 0.00 0.00 0.02 
Lu2O3 - 0.00 - - - 0.00 
MgO - 0.00 - - - 0.00 
CaO 0.89 1.08 1.07 1.11 1.10 1.26 
FeO - 0.70 - - - 0.00 
SrO 0.00 - 0.01 0.00 0.00 - 
PbO 0.18 0.22 0.17 0.17 0.17 0.22 
K2O 0.00 - 0.00 0.03 0.00 - 
Total 100.54 100.01 101.36 100.76 100.19 99.48 
Table A.4. EMPA analyses of monazite domains in sample 011602A, 
expressed as wt % oxide (populations 6-7). 
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Sample 011602A 
Domain m5 p1 m2 p2 m2 p3 m1 p4 m1 p4 m11 p5 m16 p5 
Location ME MA MA MA ME MA MA 
Cations per 4 Oxygens 
     
S 0.000 0.001 0.001 0.001 0.000 0.001 0.000 
P 0.979 1.002 0.996 0.989 0.970 0.971 0.970 
As - 0.000 0.001 0.004 - 0.001 0.001 
Si 0.013 0.003 0.004 0.014 0.023 0.031 0.031 
Th 0.034 0.040 0.044 0.056 0.066 0.055 0.060 
U 0.012 0.009 0.008 0.003 0.005 0.002 0.003 
Al 0.001 - - - 0.000 - - 
Sc 0.001 - - - 0.000 - - 
Y 0.057 0.050 0.032 0.006 0.004 0.003 0.003 
La 0.205 0.206 0.202 0.213 0.210 0.220 0.216 
Ce 0.403 0.389 0.397 0.411 0.420 0.429 0.422 
Pr 0.040 0.040 0.041 0.043 0.041 0.046 0.045 
Nd 0.141 0.147 0.158 0.161 0.150 0.171 0.169 
Sm 0.025 0.023 0.026 0.025 0.024 0.026 0.027 
Eu 0.006 0.005 0.004 0.003 0.001 0.002 0.002 
Gd 0.025 0.020 0.023 0.016 0.018 0.012 0.013 
Tb 0.000 0.001 0.001 0.000 0.000 0.000 0.000 
Dy 0.012 0.010 0.009 0.002 0.002 0.001 0.001 
Ho 0.001 0.001 0.000 0.000 0.001 0.000 0.000 
Er 0.001 0.002 0.000 0.000 0.000 0.000 0.000 
Tm 0.002 0.000 0.001 0.000 0.001 0.000 0.000 
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Lu 0.000 - - - 0.000 - - 
Mg 0.000 - - - 0.000 - - 
Ca 0.039 0.045 0.049 0.045 0.055 0.025 0.030 
Fe 0.014 - - - 0.019 - - 
Sr - 0.001 0.000 0.000 - 0.000 0.000 
Pb 0.003 0.003 0.003 0.003 0.004 0.003 0.003 
K - 0.000 0.000 0.000 - 0.000 0.000 
Total 2.013 1.997 2.000 1.995 2.014 1.998 1.998 
Table A.5. EMPA analyses of monazite domains in sample 011602A, expressed as 
cations per 4 oxygens (populations 1-5).  
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Sample 011602A 
Domain m5 p6 m8 p6 m8 p7 m16 p7 m20 p7 m20 p7 
Location MA ME MA MA MA ME 
Cations per 4 Oxygens     
S 0.000 0.001 0.000 0.001 0.000 0.000 
P 0.977 0.963 0.978 0.988 0.989 0.970 
As 0.001 - 0.000 0.001 0.000 - 
Si 0.023 0.029 0.016 0.016 0.014 0.028 
Th 0.057 0.068 0.059 0.060 0.060 0.072 
U 0.003 0.004 0.003 0.003 0.003 0.004 
Al - 0.001 - - - 0.001 
Sc - 0.001 - - - 0.000 
Y 0.004 0.002 0.012 0.013 0.012 0.009 
La 0.217 0.208 0.215 0.202 0.207 0.203 
Ce 0.424 0.423 0.417 0.401 0.405 0.416 
Pr 0.045 0.043 0.044 0.043 0.043 0.043 
Nd 0.169 0.154 0.166 0.165 0.163 0.152 
Sm 0.024 0.025 0.025 0.029 0.028 0.026 
Eu 0.002 0.001 0.001 0.001 0.002 0.000 
Gd 0.012 0.015 0.017 0.019 0.018 0.017 
Tb 0.000 0.000 0.000 0.001 0.001 0.001 
Dy 0.001 0.002 0.003 0.004 0.004 0.003 
Ho 0.000 0.000 0.000 0.000 0.000 0.000 
Er 0.000 0.000 0.000 0.000 0.000 0.001 
Tm 0.000 0.001 0.000 0.000 0.000 0.001 
Yb 0.000 0.000 0.000 0.000 0.000 0.000 
Lu - 0.000 - - - 0.000 
Mg - 0.000 - - - 0.000 
Ca 0.037 0.046 0.045 0.046 0.046 0.054 
Fe - 0.023 - - - 0.000 
Sr 0.000 - 0.000 0.000 0.000 - 
Pb 0.002 0.002 0.002 0.002 0.002 0.002 
K 0.000 - 0.000 0.002 0.000 - 
Total 2.000 2.014 2.003 1.997 1.997 2.004 
Table A.6. EMPA analyses of monazite domains in sample 011602A, 
expressed as cations per 4 oxygens (populations 6-7).  
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Sample 011702I1 
Domain m4 p1 m8 p1 m7 p2 m8 p2 m5 p3 m18 p3 m11 p4 m14 p4 m16 p4 
Location MA MA MA MA MA MA MA MA MA 
Wt %   
        
 
0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.01 0.02 
P2O5 30.04 30.28 26.84 27.65 30.19 30.42 30.20 30.89 30.22 
As2O5 0.06 0.05 0.05 0.09 0.08 0.04 0.00 0.02 0.13 
SiO2 0.23 0.22 1.81 1.69 0.15 0.09 0.47 0.12 1.00 
ThO2 4.71 4.41 15.05 13.90 1.64 0.25 5.84 2.45 0.39 
UO2 0.31 0.31 0.29 0.16 0.31 0.30 0.22 0.26 0.34 
Al2O3 - - - - - - - - - 
Sc2O3 - - - - - - - - - 
Y2O3 0.93 1.07 0.25 0.15 0.45 0.46 1.93 2.27 2.41 
La2O3 13.43 13.47 9.19 10.18 11.91 12.04 11.18 12.45 12.44 
Ce2O3 29.12 29.16 23.84 25.02 30.89 31.65 26.18 28.02 27.68 
Pr2O3 3.23 3.19 3.01 3.03 3.85 3.81 3.00 3.24 3.18 
Nd2O3 12.75 12.84 13.58 13.32 16.70 17.01 12.77 13.10 12.97 
Sm2O3 2.24 2.34 2.52 2.30 3.15 3.22 2.77 2.86 3.17 
Eu2O3 0.07 0.06 0.05 0.05 0.06 0.08 0.07 0.12 0.13 
Gd2O3 1.73 1.81 1.50 1.33 1.96 1.99 3.44 3.00 4.13 
Tb2O3 0.07 0.10 0.00 0.01 0.01 0.00 0.27 0.26 0.34 
Dy2O3 0.46 0.53 0.17 0.12 0.25 0.25 1.13 1.13 1.41 
Ho2O3 0.00 0.03 0.02 0.00 0.02 0.03 0.03 0.03 0.18 
Er2O3 0.04 0.07 0.01 0.00 0.00 0.00 0.06 0.09 0.10 
Tm2O3 0.02 0.01 0.01 0.02 0.01 0.01 0.03 0.04 0.06 
Yb2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
Lu2O3 - - - - - - - - - 
MgO - - - - - - - - - 
CaO 0.82 0.78 1.25 1.19 0.31 0.12 1.02 0.53 0.18 
FeO - - - - - - - - - 
SrO 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
PbO 0.13 0.12 0.36 0.32 0.06 0.03 0.14 0.07 0.04 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 
Total 100.40 100.87 99.82 100.56 102.02 101.81 100.77 101.00 100.58 
Table A.7. EMPA analyses of monazite domains in sample 011702I1, expressed as wt % 
oxide.  
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Sample 011701I1 
Domain m4 p1 m8 p1 m7 p2 m8 p2 m5 p3 m18 p3 m11 p4 m14 p4 m16 p4 
Location MA MA MA MA MA MA MA MA MA 
Cations per 4 Oxygens 
       
S 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 
P 0.993 0.995 0.923 0.936 0.990 0.995 0.990 1.004 0.982 
As 0.001 0.001 0.001 0.002 0.002 0.001 0.000 0.000 0.003 
Si 0.009 0.008 0.073 0.067 0.006 0.003 0.018 0.005 0.039 
Th 0.042 0.039 0.139 0.126 0.014 0.002 0.051 0.021 0.003 
U 0.003 0.003 0.003 0.001 0.003 0.003 0.002 0.002 0.003 
Al - - - - - - - - - 
Sc - - - - - - - - - 
Y 0.019 0.022 0.005 0.003 0.009 0.010 0.040 0.046 0.049 
La 0.193 0.193 0.138 0.150 0.170 0.172 0.160 0.176 0.176 
Ce 0.416 0.414 0.355 0.366 0.438 0.448 0.371 0.394 0.389 
Pr 0.046 0.045 0.045 0.044 0.054 0.054 0.042 0.045 0.044 
Nd 0.178 0.178 0.197 0.190 0.231 0.235 0.177 0.180 0.178 
Sm 0.030 0.031 0.035 0.032 0.042 0.043 0.037 0.038 0.042 
Eu 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 
Gd 0.022 0.023 0.020 0.018 0.025 0.026 0.044 0.038 0.053 
Tb 0.001 0.001 0.000 0.000 0.000 0.000 0.003 0.003 0.004 
Dy 0.006 0.007 0.002 0.002 0.003 0.003 0.014 0.014 0.017 
Ho 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
Er 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 
Tm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Lu - - - - - - - - - 
Mg - - - - - - - - - 
Ca 0.034 0.032 0.055 0.051 0.013 0.005 0.042 0.022 0.007 
Fe - - - - - - - - - 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.001 0.001 0.004 0.003 0.001 0.000 0.001 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Total 1.998 1.997 1.998 1.994 2.002 2.001 1.997 1.995 1.998 
Table A.8. EMPA analyses of monazite domains in sample 011702I1, expressed as 
cations per 4 oxygens.  
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Sample 011701B1 
Domain m7 p1 m8 p1 m2 p2 m3 p2 m2 p3 m4 p4 m15 p4 
Location ME ME ME ME MA MA MA 
Wt %   
      
SO3 0.02 0.00 0.02 0.01 0.01 0.01 0.01 
P2O5 30.71 30.57 30.72 30.80 29.89 30.18 30.01 
As2O5 - - - - 0.08 0.03 0.06 
SiO2 0.22 0.26 0.21 0.20 0.13 0.03 0.04 
ThO2 5.77 5.93 7.72 8.13 6.96 0.32 0.03 
UO2 0.97 0.79 1.52 1.49 0.60 0.46 0.44 
Al2O3 0.00 0.00 0.00 0.03 - - - 
Sc2O3 0.00 0.01 0.00 0.01 - - - 
Y2O3 0.74 0.54 1.40 1.39 0.67 1.35 1.68 
La2O3 15.12 14.77 13.57 13.45 14.50 15.58 14.19 
Ce2O3 29.46 29.19 26.87 26.68 28.58 32.20 31.48 
Pr2O3 2.79 3.03 2.70 2.52 2.92 3.38 3.47 
Nd2O3 10.07 10.24 9.56 9.46 11.00 12.73 13.88 
Sm2O3 1.38 1.48 1.48 1.39 1.44 2.00 2.34 
Eu2O3 0.00 0.00 0.06 0.05 0.06 0.10 0.11 
Gd2O3 1.03 1.05 1.16 1.19 0.98 1.34 1.72 
Tb2O3 0.00 0.00 0.02 0.00 0.00 0.06 0.08 
Dy2O3 0.29 0.32 0.56 0.51 0.23 0.50 0.62 
Ho2O3 0.05 0.04 0.13 0.02 0.06 0.00 0.06 
Er2O3 0.02 0.03 0.09 0.13 0.02 0.07 0.09 
Tm2O3 0.12 0.06 0.08 0.15 0.03 0.02 0.01 
Yb2O3 0.00 0.02 0.02 0.07 0.01 0.01 0.00 
Lu2O3 0.00 0.00 0.00 0.04 - - - 
MgO 0.00 0.01 0.02 0.04 - - - 
CaO 1.27 1.32 1.91 1.98 1.43 0.35 0.14 
FeO 1.12 0.64 0.32 0.75 - - - 
SrO - - - - 0.00 0.00 0.00 
PbO 0.34 0.34 0.55 0.54 0.20 0.04 0.04 
K2O - - - - 0.00 0.00 0.03 
Total 101.51 100.66 100.71 101.02 99.78 100.78 100.52 
Table A.9. EMPA analyses of monazite domains in sample 011701B1, expressed as wt % 
oxide.  
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Sample 011701B1 
Domain m7 p1 m8 p1 m2 p2 m3 p2 m2 p3 m4 p4 m15 p4 
Location ME ME ME ME MA MA MA 
Cations per 4 Oxygens 
     
S 0.001 0.000 0.001 0.000 0.000 0.000 0.000 
P 0.996 0.999 1.001 0.999 0.994 0.994 0.992 
As - - - - 0.002 0.001 0.001 
Si 0.008 0.010 0.008 0.008 0.005 0.001 0.002 
Th 0.050 0.052 0.068 0.071 0.062 0.003 0.000 
U 0.008 0.007 0.013 0.013 0.005 0.004 0.004 
Al 0.000 0.000 0.000 0.001 - - - 
Sc 0.000 0.000 0.000 0.000 - - - 
Y 0.015 0.011 0.029 0.028 0.014 0.028 0.035 
La 0.214 0.210 0.193 0.190 0.210 0.223 0.204 
Ce 0.413 0.412 0.379 0.374 0.411 0.458 0.450 
Pr 0.039 0.043 0.038 0.035 0.042 0.048 0.049 
Nd 0.138 0.141 0.131 0.129 0.154 0.177 0.194 
Sm 0.018 0.020 0.020 0.018 0.020 0.027 0.031 
Eu 0.000 0.000 0.001 0.001 0.001 0.001 0.002 
Gd 0.013 0.013 0.015 0.015 0.013 0.017 0.022 
Tb 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
Dy 0.004 0.004 0.007 0.006 0.003 0.006 0.008 
Ho 0.001 0.000 0.002 0.000 0.001 0.000 0.001 
Er 0.000 0.000 0.001 0.002 0.000 0.001 0.001 
Tm 0.001 0.001 0.001 0.002 0.000 0.000 0.000 
Yb 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Lu 0.000 0.000 0.000 0.000 - - - 
Mg 0.000 0.001 0.001 0.002 - - - 
Ca 0.052 0.055 0.079 0.081 0.060 0.015 0.006 
Fe 0.036 0.021 0.010 0.024 - - - 
Sr - - - - 0.000 0.000 0.000 
Pb 0.004 0.004 0.006 0.006 0.002 0.000 0.000 
K - - - - 0.000 0.000 0.001 
Total 2.011 2.004 2.001 2.008 1.999 2.006 2.005 
Table A.10. EMPA analyses of monazite domains in sample 011701B1, expressed as 
cations per 4 oxygens.  
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Sample 011702J 
Domain m1 p1 
right 
m1 p1 
left 
m1 p2 m2 p2 m1 p3 m2 p3 m1 p4 m2 p4 
Location ME ME ME ME ME ME ME ME 
Wt %   
       
SO3 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.01 
P2O5 30.56 30.72 30.23 30.54 30.66 30.81 28.84 30.11 
As2O5 - - - - - - - - 
SiO2 0.22 0.23 0.37 0.36 0.25 0.33 0.98 1.06 
ThO2 1.09 1.15 6.35 6.23 5.40 5.33 10.03 10.04 
UO2 1.22 1.37 0.73 0.64 0.98 0.95 0.30 0.32 
Al2O3 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.03 
Sc2O3 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Y2O3 1.18 1.01 0.69 0.75 1.56 1.65 0.26 0.21 
La2O3 15.25 15.10 13.43 13.14 13.37 13.48 12.17 11.89 
Ce2O3 30.89 30.70 28.68 28.38 28.13 28.22 27.43 26.80 
Pr2O3 3.11 3.01 2.93 3.05 2.77 2.93 2.89 2.98 
Nd2O3 11.34 10.91 11.27 11.40 10.81 11.01 12.10 12.03 
Sm2O3 1.72 1.74 1.78 1.71 1.73 1.75 1.82 1.77 
Eu2O3 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 
Gd2O3 1.25 1.25 1.51 1.50 1.61 1.66 1.24 1.29 
Tb2O3 0.10 0.16 0.11 0.19 0.17 0.16 0.06 0.02 
Dy2O3 0.55 0.53 0.40 0.51 0.60 0.60 0.23 0.18 
Ho2O3 0.16 0.06 0.03 0.00 0.17 0.08 0.03 0.09 
Er2O3 0.10 0.09 0.03 0.02 0.16 0.07 0.02 0.05 
Tm2O3 0.09 0.00 0.13 0.16 0.11 0.14 0.05 0.16 
Yb2O3 0.05 0.06 0.00 0.02 0.00 0.06 0.00 0.01 
Lu2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 0.46 0.51 1.24 1.27 1.18 1.20 1.26 1.39 
FeO 0.01 0.00 0.00 0.01 0.00 0.03 0.08 0.12 
SrO - - - - - - - - 
PbO 0.23 0.25 0.21 0.21 0.22 0.21 0.27 0.28 
K2O - - - - - - - - 
Total 99.59 98.89 100.16 100.09 99.94 100.65 100.08 100.86 
Table A.11. EMPA analyses of monazite domains in sample 011702J, expressed as wt % 
oxide.  
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Sample 011702J 
Domain m1 p1 
right 
m1 p1 
left 
m1 p2 m2 p2 m1 p3 m2 p3 m1 p4 m2 p4 
Location ME ME ME ME ME ME ME ME 
Cations per 4 Oxygens 
      
S 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
P 1.006 1.012 0.996 1.002 1.005 1.002 0.967 0.984 
As - - - - - - - - 
Si 0.009 0.009 0.015 0.014 0.010 0.013 0.039 0.041 
Th 0.010 0.010 0.056 0.055 0.048 0.047 0.090 0.088 
U 0.011 0.012 0.006 0.005 0.008 0.008 0.003 0.003 
Al 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 
Sc 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Y 0.025 0.021 0.014 0.015 0.032 0.034 0.006 0.004 
La 0.219 0.217 0.193 0.188 0.191 0.191 0.178 0.169 
Ce 0.440 0.437 0.409 0.403 0.399 0.397 0.398 0.379 
Pr 0.044 0.043 0.042 0.043 0.039 0.041 0.042 0.042 
Nd 0.157 0.152 0.157 0.158 0.149 0.151 0.171 0.166 
Sm 0.023 0.023 0.024 0.023 0.023 0.023 0.025 0.024 
Eu 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Gd 0.016 0.016 0.019 0.019 0.021 0.021 0.016 0.016 
Tb 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.000 
Dy 0.007 0.007 0.005 0.006 0.007 0.007 0.003 0.002 
Ho 0.002 0.001 0.000 0.000 0.002 0.001 0.000 0.001 
Er 0.001 0.001 0.000 0.000 0.002 0.001 0.000 0.001 
Tm 0.001 0.000 0.002 0.002 0.001 0.002 0.001 0.002 
Yb 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 
Lu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.019 0.021 0.052 0.053 0.049 0.050 0.054 0.058 
Fe 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.004 
Sr - - - - - - - - 
Pb 0.002 0.003 0.002 0.002 0.002 0.002 0.003 0.003 
K - - - - - - - - 
Total 1.994 1.989 1.995 1.992 1.992 1.994 1.998 1.988 
Table A.12. EMPA analyses of monazite domains in sample 011702J, expressed as 
cations per 4 oxygens  
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Sample 011702L2 
Domain m4 p1 m9 p1 m4 p2 m10 p2 m11 p2 
Location MA MA MA MA MA 
Wt %   
    
SO3 0.02 0.01 0.01 0.00 0.00 
P2O5 30.63 30.63 30.39 30.51 30.62 
As2O5 0.08 0.04 0.02 0.03 0.00 
SiO2 0.07 0.05 0.10 0.09 0.07 
ThO2 3.11 2.58 3.01 2.88 2.56 
UO2 0.52 0.54 0.51 0.76 0.81 
Al2O3 - - - - - 
Sc2O3 - - - - - 
Y2O3 1.13 1.43 1.09 1.15 1.32 
La2O3 15.06 15.09 14.28 14.58 14.84 
Ce2O3 30.47 30.66 30.25 30.27 30.40 
Pr2O3 3.21 3.17 3.30 3.21 3.21 
Nd2O3 12.28 12.32 12.87 12.59 12.52 
Sm2O3 1.88 1.87 2.15 2.01 1.94 
Eu2O3 0.08 0.09 0.08 0.09 0.10 
Gd2O3 1.26 1.28 1.49 1.46 1.39 
Tb2O3 0.05 0.06 0.07 0.06 0.06 
Dy2O3 0.44 0.48 0.48 0.47 0.48 
Ho2O3 0.01 0.08 0.03 0.04 0.04 
Er2O3 0.05 0.11 0.06 0.03 0.04 
Tm2O3 0.01 0.02 0.01 0.02 0.01 
Yb2O3 0.01 0.00 0.01 0.01 0.00 
Lu2O3 - - - - - 
MgO - - - - - 
CaO 0.72 0.64 0.65 0.70 0.66 
FeO - - - - - 
SrO 0.00 0.00 0.01 0.00 0.01 
PbO 0.19 0.17 0.10 0.12 0.12 
K2O 0.00 0.00 0.00 0.00 0.00 
Total 101.27 101.33 100.96 101.10 101.21 
Table A.13. EMPA analyses of monazite domains in sample 
011702L2, expressed at wt % oxide.  
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Sample 011702L2 
Domain m4 p1 m9 p1 m4 p2 m10 p2 m11 p2 
Location MA MA MA MA MA 
Cations per 4 Oxygens 
   
S 0.001 0.000 0.000 0.000 0.000 
P 0.999 0.999 0.997 0.999 1.000 
As 0.002 0.001 0.000 0.001 0.000 
Si 0.003 0.002 0.004 0.004 0.003 
Th 0.027 0.023 0.027 0.025 0.022 
U 0.004 0.005 0.004 0.007 0.007 
Al - - - - - 
Sc - - - - - 
Y 0.023 0.029 0.022 0.024 0.027 
La 0.214 0.214 0.204 0.208 0.211 
Ce 0.430 0.432 0.429 0.428 0.429 
Pr 0.045 0.044 0.047 0.045 0.045 
Nd 0.169 0.169 0.178 0.174 0.173 
Sm 0.025 0.025 0.029 0.027 0.026 
Eu 0.001 0.001 0.001 0.001 0.001 
Gd 0.016 0.016 0.019 0.019 0.018 
Tb 0.001 0.001 0.001 0.001 0.001 
Dy 0.005 0.006 0.006 0.006 0.006 
Ho 0.000 0.001 0.000 0.000 0.000 
Er 0.001 0.001 0.001 0.000 0.001 
Tm 0.000 0.000 0.000 0.000 0.000 
Yb 0.000 0.000 0.000 0.000 0.000 
Lu - - - - - 
Mg - - - - - 
Ca 0.030 0.026 0.027 0.029 0.027 
Fe - - - - - 
Sr 0.000 0.000 0.000 0.000 0.000 
Pb 0.002 0.002 0.001 0.001 0.001 
K 0.000 0.000 0.000 0.000 0.000 
Total 1.998 1.999 1.999 1.999 1.999 
Table A.14. EMPA analyses of monazite domains in sample 
011702L2, expressed as cations per 4 oxygens.  
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Sample 121401C 
Domain m1 p1 m2 p1 m1 p2 m4 p2 m1 p3 m3 p3 m4 p3 m5 p3 
Location ME ME ME ME ME ME ME ME 
Wt %  
       
SO3 0.22 0.43 0.12 0.11 0.02 0.00 0.09 0.05 
P2O5 30.77 30.90 30.22 30.31 30.15 30.47 30.15 30.13 
As2O5 - - - - - - - - 
SiO2 0.31 0.21 0.50 0.48 0.44 0.48 0.45 0.54 
ThO2 3.87 2.46 4.66 5.10 5.13 5.08 5.22 5.33 
UO2 1.40 0.93 0.65 0.66 0.73 0.64 0.71 0.66 
Al2O3 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.02 
Sc2O3 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.00 
Y2O3 3.32 3.04 3.52 3.34 3.53 4.54 3.61 3.57 
La2O3 12.47 13.06 12.24 11.86 12.30 11.79 12.07 12.02 
Ce2O3 26.96 27.93 26.82 26.38 26.83 25.78 26.95 26.70 
Pr2O3 2.72 2.78 2.77 2.98 2.61 2.71 2.59 2.79 
Nd2O3 10.00 10.35 10.10 10.35 10.28 9.73 9.99 10.10 
Sm2O3 2.03 2.11 2.05 1.95 2.03 1.90 1.95 1.96 
Eu2O3 0.32 0.23 0.28 0.19 0.29 0.37 0.26 0.29 
Gd2O3 1.77 1.67 1.97 1.96 1.95 2.07 2.01 1.98 
Tb2O3 0.11 0.19 0.24 0.16 0.17 0.23 0.22 0.25 
Dy2O3 0.78 0.83 1.02 0.98 0.96 1.05 0.97 1.11 
Ho2O3 0.22 0.10 0.09 0.16 0.16 0.23 0.15 0.08 
Er2O3 0.30 0.28 0.29 0.28 0.31 0.42 0.36 0.36 
Tm2O3 0.12 0.18 0.20 0.21 0.16 0.21 0.16 0.17 
Yb2O3 0.15 0.17 0.17 0.16 0.09 0.18 0.10 0.15 
Lu2O3 0.04 0.00 0.00 0.05 0.00 0.03 0.05 0.01 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
CaO 1.25 1.08 0.92 1.03 0.94 0.88 0.95 0.96 
FeO 0.19 0.12 0.00 0.01 0.02 0.03 0.02 0.02 
SrO - - - - - - - - 
PbO 0.34 0.26 0.29 0.29 0.21 0.18 0.20 0.19 
K2O - - - - - - - - 
Total 99.67 99.31 99.14 99.01 99.32 99.02 99.24 99.42 
Table A.15. EMPA analyses of monazite domains in sample 121401C, expressed as wt % 
oxide.  
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Sample 121401C 
Domain m1 p1 m2 p1 m1 p2 m4 p2 m1 p3 m3 p3 m4 p3 m5 p3 
Location ME ME ME ME ME ME ME ME 
Cations per 4 Oxygens 
      
S 0.006 0.012 0.003 0.003 0.001 0.000 0.003 0.002 
P 0.999 1.001 0.993 0.995 0.993 0.998 0.992 0.990 
As - - - - - - - - 
Si 0.012 0.008 0.020 0.019 0.017 0.019 0.017 0.021 
Th 0.034 0.021 0.041 0.045 0.045 0.045 0.046 0.047 
U 0.012 0.008 0.006 0.006 0.006 0.005 0.006 0.006 
Al 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
Sc 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Y 0.068 0.062 0.073 0.069 0.073 0.093 0.075 0.074 
La 0.176 0.184 0.175 0.170 0.177 0.168 0.173 0.172 
Ce 0.378 0.391 0.381 0.375 0.382 0.365 0.383 0.379 
Pr 0.038 0.039 0.039 0.042 0.037 0.038 0.037 0.039 
Nd 0.137 0.141 0.140 0.143 0.143 0.134 0.139 0.140 
Sm 0.027 0.028 0.027 0.026 0.027 0.025 0.026 0.026 
Eu 0.004 0.003 0.004 0.002 0.004 0.005 0.003 0.004 
Gd 0.023 0.021 0.025 0.025 0.025 0.027 0.026 0.025 
Tb 0.001 0.002 0.003 0.002 0.002 0.003 0.003 0.003 
Dy 0.010 0.010 0.013 0.012 0.012 0.013 0.012 0.014 
Ho 0.003 0.001 0.001 0.002 0.002 0.003 0.002 0.001 
Er 0.004 0.003 0.004 0.003 0.004 0.005 0.004 0.004 
Tm 0.001 0.002 0.002 0.003 0.002 0.003 0.002 0.002 
Yb 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 
Lu 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Ca 0.051 0.044 0.038 0.043 0.039 0.037 0.039 0.040 
Fe 0.006 0.004 0.000 0.000 0.001 0.001 0.001 0.001 
Sr - - - - - - - - 
Pb 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002 
K - - - - - - - - 
Total 1.996 1.992 1.993 1.992 1.995 1.992 1.994 1.995 
Table A.16. EMPA analyses of monazite domains in sample 121401C, expressed as cations 
per 4 oxygens.  
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Sample 012104B 
Domain m8 p1 
left 
m8 p1 
right 
m22 p1 m8 p2 
left 
m22 p2 m22 p3 xt 1 xt 2 xt 3 
Location MA MA MA MA MA MA ME ME ME 
Wt %   
        
SO3 0.25 0.73 0.49 0.31 0.37 0.27 0.33 0.40 0.24 
P2O5 30.08 29.96 30.38 30.24 30.74 30.15 30.23 30.41 30.03 
As2O5 0.23 0.02 0.23 0.12 0.13 0.00 - - - 
SiO2 0.05 0.04 0.05 0.05 0.07 0.05 0.18 0.16 0.16 
ThO2 2.39 1.81 2.25 2.15 1.82 1.98 2.28 0.16 0.00 
UO2 1.18 1.61 1.33 0.88 1.10 0.99 0.87 0.64 0.44 
Al2O3 - - - - - - 0.00 0.00 0.01 
Sc2O3 - - - - - - 0.01 0.01 0.01 
Y2O3 4.92 4.09 4.38 5.39 5.19 4.86 5.32 4.78 3.88 
La2O3 12.00 12.07 12.12 11.60 11.83 11.90 11.46 11.89 12.24 
Ce2O3 26.43 26.89 26.66 26.10 26.52 26.74 26.29 28.00 28.93 
Pr2O3 2.99 3.00 2.99 2.97 3.01 3.04 2.77 2.99 3.14 
Nd2O3 11.71 12.02 11.89 11.90 12.01 12.06 10.39 11.45 11.85 
Sm2O3 2.59 2.65 2.64 2.75 2.71 2.71 2.25 2.46 2.51 
Eu2O3 0.24 0.28 0.28 0.27 0.23 0.24 0.36 0.30 0.29 
Gd2O3 2.26 2.25 2.33 2.49 2.44 2.37 2.52 2.53 2.33 
Tb2O3 0.22 0.21 0.23 0.27 0.24 0.24 0.30 0.31 0.26 
Dy2O3 1.43 1.28 1.34 1.58 1.50 1.44 1.50 1.38 1.16 
Ho2O3 0.18 0.06 0.22 0.18 0.16 0.14 0.22 0.20 0.11 
Er2O3 0.45 0.35 0.41 0.51 0.48 0.42 0.49 0.36 0.31 
Tm2O3 0.09 0.04 0.08 0.09 0.08 0.04 0.15 0.18 0.20 
Yb2O3 0.20 0.11 0.16 0.21 0.21 0.13 0.26 0.17 0.15 
Lu2O3 - - - - - - 0.05 0.03 0.00 
MgO - - - - - - 0.00 0.00 0.00 
CaO 0.87 1.20 1.04 0.80 0.82 0.77 0.96 0.58 0.40 
FeO - - - - - - 0.00 0.00 0.00 
SrO 0.00 0.00 0.00 0.00 0.01 0.00 - - - 
PbO 0.14 0.17 0.15 0.11 0.12 0.11 0.18 0.06 0.04 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 - - - 
Total 100.90 100.85 101.63 100.98 101.77 100.66 99.36 99.45 98.69 
Table A.17. EMPA analyses of monazite domains in sample 012104B, expressed as wt 
% oxide.  
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Sample 012104B 
Domain m8 p1 
left 
m8 p1 
right 
m22 p1 m8 p2 
left 
m22 p2 m22 p3 xt 1 xt 2 xt 3 
Location MA MA MA MA MA MA ME ME ME 
Cations per 4 Oxygens 
       
S 0.007 0.021 0.014 0.009 0.010 0.008 0.009 0.012 0.007 
P 0.979 0.971 0.978 0.981 0.984 0.983 0.987 0.990 0.992 
As 0.005 0.000 0.005 0.002 0.003 0.000 - - - 
Si 0.002 0.002 0.002 0.002 0.003 0.002 0.007 0.006 0.006 
Th 0.021 0.016 0.019 0.019 0.016 0.017 0.020 0.001 0.000 
U 0.010 0.014 0.011 0.008 0.009 0.009 0.007 0.005 0.004 
Al - - - - - - 0.000 0.000 0.000 
Sc - - - - - - 0.000 0.000 0.000 
Y 0.101 0.083 0.089 0.110 0.104 0.100 0.109 0.098 0.081 
La 0.170 0.170 0.170 0.164 0.165 0.169 0.163 0.169 0.176 
Ce 0.372 0.377 0.371 0.366 0.367 0.377 0.371 0.394 0.413 
Pr 0.042 0.042 0.041 0.041 0.041 0.043 0.039 0.042 0.045 
Nd 0.161 0.164 0.161 0.163 0.162 0.166 0.143 0.157 0.165 
Sm 0.034 0.035 0.035 0.036 0.035 0.036 0.030 0.033 0.034 
Eu 0.003 0.004 0.004 0.003 0.003 0.003 0.005 0.004 0.004 
Gd 0.029 0.029 0.029 0.032 0.031 0.030 0.032 0.032 0.030 
Tb 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.003 
Dy 0.018 0.016 0.016 0.019 0.018 0.018 0.019 0.017 0.015 
Ho 0.002 0.001 0.003 0.002 0.002 0.002 0.003 0.002 0.001 
Er 0.005 0.004 0.005 0.006 0.006 0.005 0.006 0.004 0.004 
Tm 0.001 0.000 0.001 0.001 0.001 0.000 0.002 0.002 0.002 
Yb 0.002 0.001 0.002 0.002 0.002 0.002 0.003 0.002 0.002 
Lu - - - - - - 0.001 0.000 0.000 
Mg - - - - - - 0.000 0.000 0.000 
Ca 0.036 0.049 0.042 0.033 0.033 0.032 0.040 0.024 0.017 
Fe - - - - - - 0.000 0.000 0.000 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 - - - 
Pb 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 - - - 
Total 2.005 2.004 2.002 2.004 2.001 2.005 2.001 1.999 2.001 
Table A.18. EMPA analyses of monazite domains in sample 012104B, expressed as 
cations per 4 oxygens.  
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Sample 123106 
Grain m9 m12 m15   m9 m12 m15 
Location ME ME ME   ME ME ME 
Wt %    Cations per 4 Oxygens  
SO3 1.59 1.43 1.36  S 0.046 0.041 0.039 
P2O5 29.73 29.21 30.06  P 0.961 0.950 0.970 
As2O5 - - -  As - - - 
SiO2 0.25 0.26 0.24  Si 0.010 0.010 0.009 
ThO2 1.19 2.41 2.28  Th 0.010 0.021 0.020 
UO2 0.63 1.08 0.71  U 0.005 0.009 0.006 
Al2O3 0.00 0.00 0.01  Al 0.000 0.000 0.001 
Sc2O3 0.01 0.01 0.01  Sc 0.000 0.000 0.000 
Y2O3 3.14 3.48 3.24  Y 0.064 0.071 0.066 
La2O3 13.16 12.94 12.82  La 0.185 0.183 0.180 
Ce2O3 28.20 28.04 27.36  Ce 0.394 0.394 0.382 
Pr2O3 2.90 2.75 2.83  Pr 0.040 0.038 0.039 
Nd2O3 10.53 10.52 10.28  Nd 0.144 0.144 0.140 
Sm2O3 1.88 1.84 1.93  Sm 0.025 0.024 0.025 
Eu2O3 0.14 0.11 0.20  Eu 0.002 0.001 0.003 
Gd2O3 1.87 1.75 1.87  Gd 0.024 0.022 0.024 
Tb2O3 0.25 0.17 0.22  Tb 0.003 0.002 0.003 
Dy2O3 0.89 1.05 0.94  Dy 0.011 0.013 0.012 
Ho2O3 0.10 0.06 0.11  Ho 0.001 0.001 0.001 
Er2O3 0.23 0.33 0.26  Er 0.003 0.004 0.003 
Tm2O3 0.17 0.09 0.15  Tm 0.002 0.001 0.002 
Yb2O3 0.08 0.10 0.05  Yb 0.001 0.001 0.001 
Lu2O3 0.00 0.00 0.05  Lu 0.000 0.000 0.001 
MgO 0.00 0.00 0.01  Mg 0.000 0.000 0.001 
CaO 1.49 1.59 1.58  Ca 0.061 0.065 0.065 
FeO 0.04 0.04 0.00  Fe 0.001 0.001 0.000 
SrO - - -  Sr - - - 
PbO 0.06 0.13 0.14  Pb 0.001 0.001 0.001 
K2O - - -  K - - - 
Total 98.54 99.40 98.70  Total 1.993 2.002 1.992 
Table A.19. EMPA analyses of monazite domains in sample 123106.  
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Sample 122902 
Domain m1 p1 m7 p2 m13 p2 m13 p2  m2 p3 m3 p3 m10 p3 m2 p4 m13 p4 
Location MA ME MA ME ME MA ME MA MA 
Wt %   
        
SO3 0.03 0.01 0.02 0.00 0.03 0.02 0.00 0.02 0.01 
P2O5 30.70 29.40 30.58 30.17 29.40 29.83 29.78 28.77 29.20 
As2O5 0.02 0.00 0.11 0.00 0.00 0.16 0.00 0.06 0.07 
SiO2 0.18 0.97 0.33 0.52 0.67 0.50 0.62 0.87 0.77 
ThO2 1.91 9.43 5.32 6.01 7.10 6.16 6.99 8.41 7.58 
UO2 0.70 0.75 0.33 0.40 0.25 0.37 0.23 0.13 0.13 
Al2O3 - 0.05 - 0.00 0.00 - 0.07 - - 
Sc2O3 - 0.00 - 0.00 0.00 - 0.00 - - 
Y2O3 2.40 2.51 2.25 2.15 0.44 1.07 0.28 0.29 0.27 
La2O3 14.79 12.15 13.63 12.75 13.54 13.54 14.21 12.73 13.20 
Ce2O3 29.99 25.79 27.91 26.80 28.92 28.10 29.53 28.55 28.83 
Pr2O3 3.13 2.59 2.95 2.88 2.99 3.05 2.85 3.23 3.21 
Nd2O3 11.46 10.12 11.64 10.39 11.28 11.81 11.27 12.82 12.78 
Sm2O3 2.20 1.96 2.08 1.97 2.07 2.09 1.98 1.87 1.98 
Eu2O3 0.20 0.33 0.18 0.17 0.00 0.07 0.00 0.07 0.09 
Gd2O3 1.66 2.05 1.71 1.88 1.64 1.89 1.50 0.82 0.92 
Tb2O3 0.12 0.00 0.13 0.25 0.04 0.07 0.13 0.00 0.00 
Dy2O3 0.79 0.97 0.81 1.00 0.32 0.54 0.32 0.10 0.13 
Ho2O3 0.05 0.13 0.07 0.12 0.00 0.03 0.11 0.02 0.00 
Er2O3 0.13 0.16 0.15 0.17 0.03 0.00 0.03 0.00 0.00 
Tm2O3 0.01 0.21 0.03 0.05 0.13 0.01 0.09 0.02 0.02 
Yb2O3 0.03 0.05 0.03 0.06 0.00 0.01 0.01 0.00 0.00 
Lu2O3 - 0.00 - 0.00 0.02 - 0.00 - - 
MgO - 0.00 - 0.02 0.00 - 0.00 - - 
CaO 0.47 1.06 0.91 1.14 0.91 0.95 0.88 0.92 0.87 
FeO - 1.02 - 0.00 0.15 - 0.00 - - 
SrO 0.00 - 0.00 - - 0.00 - 0.01 0.00 
PbO 0.15 0.36 0.27 0.33 0.24 0.23 0.24 0.19 0.18 
K2O 0.00 - 0.00 - - 0.00 - 0.00 0.01 
Total 101.14 102.05 101.44 99.24 100.16 100.49 101.13 99.90 100.24 
Table A.20. EMPA analyses of monazite domains in sample 122902, expressed as wt % oxide. 
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Sample 122902 
Domain m1 p1 m7 p2 m13 p2 m13 p2  m2 p3 m3 p3 m10 p3 m2 p4 m13 p4 
Location MA ME MA ME ME MA ME MA MA 
Cations per 4 Oxygens 
       
S 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 
P 0.998 0.961 0.993 0.996 0.979 0.985 0.982 0.967 0.974 
As 0.000 0.000 0.002 0.000 0.000 0.003 0.000 0.001 0.001 
Si 0.007 0.037 0.012 0.020 0.026 0.019 0.024 0.035 0.030 
Th 0.017 0.083 0.046 0.053 0.064 0.055 0.062 0.076 0.068 
U 0.006 0.006 0.003 0.003 0.002 0.003 0.002 0.001 0.001 
Al - 0.002 - 0.000 0.000 - 0.003 - - 
Sc - 0.000 - 0.000 0.000 - 0.000 - - 
Y 0.049 0.051 0.046 0.045 0.009 0.022 0.006 0.006 0.006 
La 0.209 0.173 0.193 0.183 0.196 0.195 0.204 0.186 0.192 
Ce 0.421 0.364 0.392 0.382 0.417 0.401 0.421 0.415 0.416 
Pr 0.044 0.036 0.041 0.041 0.043 0.043 0.040 0.047 0.046 
Nd 0.157 0.139 0.159 0.145 0.158 0.165 0.157 0.182 0.180 
Sm 0.029 0.026 0.027 0.027 0.028 0.028 0.027 0.026 0.027 
Eu 0.003 0.004 0.002 0.002 0.000 0.001 0.000 0.001 0.001 
Gd 0.021 0.026 0.022 0.024 0.021 0.024 0.019 0.011 0.012 
Tb 0.002 0.000 0.002 0.003 0.000 0.001 0.002 0.000 0.000 
Dy 0.010 0.012 0.010 0.013 0.004 0.007 0.004 0.001 0.002 
Ho 0.001 0.002 0.001 0.002 0.000 0.000 0.001 0.000 0.000 
Er 0.002 0.002 0.002 0.002 0.000 0.000 0.000 0.000 0.000 
Tm 0.000 0.002 0.000 0.001 0.002 0.000 0.001 0.000 0.000 
Yb 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Lu - 0.000 - 0.000 0.000 - 0.000 - - 
Mg - 0.000 - 0.001 0.000 - 0.000 - - 
Ca 0.019 0.044 0.037 0.048 0.038 0.040 0.037 0.039 0.037 
Fe - 0.033 - 0.000 0.005 - 0.000 - - 
Sr 0.000 - 0.000 - - 0.000 - 0.000 0.000 
Pb 0.002 0.004 0.003 0.003 0.003 0.002 0.003 0.002 0.002 
K 0.000 - 0.000 - - 0.000 - 0.000 0.001 
Total 1.998 2.011 1.996 1.994 1.998 1.996 1.996 1.997 1.996 
Table A.21. EMPA analyses of monazite domains in sample 122902, expressed as cations per 4 
oxygens.  
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Sample 112801F 
Domain m1 p1 m3 p1 m1 p2   m1 p1 m3 p1 m1 p2 
Location MA MA MA   MA MA MA 
Wt %    Cations per 4 Oxygens  
SO3 0.47 0.58 0.16  S 0.013 0.017 0.005 
P2O5 30.36 30.31 31.15  P 0.979 0.979 0.999 
As2O5 0.10 0.12 0.07  As 0.002 0.002 0.001 
SiO2 0.44 0.34 0.19  Si 0.017 0.013 0.007 
ThO2 11.67 10.44 7.28  Th 0.101 0.091 0.063 
UO2 0.37 0.34 0.31  U 0.003 0.003 0.003 
Al2O3 - - -  Al - - - 
Sc2O3 - - -  Sc - - - 
Y2O3 2.17 1.75 3.65  Y 0.044 0.035 0.074 
La2O3 11.34 12.04 12.32  La 0.159 0.170 0.172 
Ce2O3 24.89 25.79 26.20  Ce 0.347 0.360 0.363 
Pr2O3 2.68 2.71 2.78  Pr 0.037 0.038 0.038 
Nd2O3 10.31 10.29 10.56  Nd 0.140 0.140 0.143 
Sm2O3 1.64 1.69 1.81  Sm 0.022 0.022 0.024 
Eu2O3 0.12 0.19 0.15  Eu 0.002 0.003 0.002 
Gd2O3 1.12 1.08 1.42  Gd 0.014 0.014 0.018 
Tb2O3 0.06 0.04 0.13  Tb 0.001 0.001 0.002 
Dy2O3 0.54 0.46 0.89  Dy 0.007 0.006 0.011 
Ho2O3 0.05 0.04 0.09  Ho 0.001 0.001 0.001 
Er2O3 0.18 0.15 0.30  Er 0.002 0.002 0.004 
Tm2O3 0.03 0.02 0.02  Tm 0.000 0.000 0.000 
Yb2O3 0.05 0.03 0.10  Yb 0.001 0.000 0.001 
Lu2O3 - - -  Lu - - - 
MgO - - -  Mg - - - 
CaO 2.37 2.28 1.49  Ca 0.097 0.093 0.060 
FeO - - -  Fe - - - 
SrO 0.00 0.00 0.01  Sr 0.000 0.000 0.000 
PbO 0.30 0.29 0.19  Pb 0.003 0.003 0.002 
K2O 0.00 0.00 0.00  K 0.000 0.000 0.000 
Total 101.22 100.98 101.27  Total 1.992 1.992 1.992 
Table A.22. EMPA analyses of monazite domains in sample 112801F.  
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Sample 112901 
Domain m1 
upper 
m1 
lower 
m2 m5 
right 
m5 left m6 
Location MA MA MA MA MA MA 
Wt %   
     
SO3 0.55 0.57 0.13 0.29 0.52 0.26 
P2O5 30.05 30.20 30.30 30.21 30.30 30.37 
As2O5 0.10 0.04 0.02 0.08 0.06 0.07 
SiO2 0.08 0.09 0.05 0.06 0.05 0.07 
ThO2 2.09 1.85 0.34 0.23 0.30 0.23 
UO2 2.71 2.67 2.36 2.87 3.09 3.06 
Al2O3 - - - - - - 
Sc2O3 - - - - - - 
Y2O3 2.71 2.83 1.32 2.20 2.36 2.41 
La2O3 14.50 14.50 14.54 15.20 14.57 14.94 
Ce2O3 29.81 29.85 31.75 31.67 31.29 31.45 
Pr2O3 2.87 2.88 3.29 3.04 3.02 3.05 
Nd2O3 9.37 9.46 11.54 9.85 10.06 9.94 
Sm2O3 1.70 1.73 2.16 1.73 1.81 1.77 
Eu2O3 0.19 0.17 0.41 0.17 0.18 0.18 
Gd2O3 1.16 1.17 1.24 1.11 1.19 1.18 
Tb2O3 0.11 0.12 0.10 0.10 0.10 0.09 
Dy2O3 0.85 0.89 0.60 0.72 0.80 0.79 
Ho2O3 0.06 0.08 0.04 0.04 0.06 0.07 
Er2O3 0.24 0.26 0.11 0.18 0.19 0.19 
Tm2O3 0.03 0.05 0.03 0.02 0.04 0.03 
Yb2O3 0.13 0.15 0.03 0.09 0.08 0.07 
Lu2O3 - - - - - - 
MgO - - - - - - 
CaO 1.28 1.29 0.64 0.80 0.96 0.81 
FeO - - - - - - 
SrO 0.01 0.00 0.00 0.00 0.00 0.01 
PbO 0.24 0.23 0.17 0.21 0.22 0.22 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.83 101.07 101.16 100.88 101.24 101.26 
Table A.23. EMPA analyses of monazite domains in sample 112901, 
expressed as wt % oxide.  
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Sample 112901 
Domain m1 
upper 
m1 
lower 
m2 m5 
right 
m5 left m6 
Location MA MA MA MA MA MA 
Cations per 4 Oxygens 
    
S 0.016 0.016 0.004 0.008 0.015 0.008 
P 0.977 0.978 0.993 0.987 0.982 0.987 
As 0.002 0.001 0.000 0.002 0.001 0.002 
Si 0.003 0.003 0.002 0.002 0.002 0.003 
Th 0.018 0.016 0.003 0.002 0.003 0.002 
U 0.023 0.023 0.020 0.025 0.026 0.026 
Al - - - - - - 
Sc - - - - - - 
Y 0.055 0.058 0.027 0.045 0.048 0.049 
La 0.205 0.205 0.207 0.216 0.206 0.212 
Ce 0.419 0.418 0.450 0.447 0.439 0.442 
Pr 0.040 0.040 0.046 0.043 0.042 0.043 
Nd 0.129 0.129 0.160 0.136 0.138 0.136 
Sm 0.023 0.023 0.029 0.023 0.024 0.023 
Eu 0.002 0.002 0.005 0.002 0.002 0.002 
Gd 0.015 0.015 0.016 0.014 0.015 0.015 
Tb 0.001 0.001 0.001 0.001 0.001 0.001 
Dy 0.011 0.011 0.007 0.009 0.010 0.010 
Ho 0.001 0.001 0.000 0.000 0.001 0.001 
Er 0.003 0.003 0.001 0.002 0.002 0.002 
Tm 0.000 0.001 0.000 0.000 0.000 0.000 
Yb 0.002 0.002 0.000 0.001 0.001 0.001 
Lu - - - - - - 
Mg - - - - - - 
Ca 0.053 0.053 0.027 0.033 0.039 0.033 
Fe - - - - - - 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 
Pb 0.002 0.002 0.002 0.002 0.002 0.002 
K 0.000 0.000 0.000 0.000 0.000 0.000 
Total 2.001 2.002 2.002 2.001 2.000 2.001 
Table A.24. EMPA analyses of monazite domains in sample 112901, 
expressed as cations per 4 oxygens.  
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Sample 011603A1 
Domain m1 p1 m4 p1 m1 p2   m1 p1 m4 p1 m1 p2 
Location MA MA MA   MA MA MA 
Wt %     Cations per 4 Oxygens  
SO3 0.02 0.03 0.02  S 0.000 0.001 0.001 
P2O5 29.93 30.18 29.55  P 0.981 0.986 0.970 
As2O5 0.12 0.10 0.29  As 0.002 0.002 0.006 
SiO2 0.77 0.68 1.04  Si 0.030 0.026 0.040 
ThO2 17.51 17.21 23.02  Th 0.154 0.151 0.203 
UO2 0.37 0.41 1.02  U 0.003 0.004 0.009 
Al2O3 - - -  Al - - - 
Sc2O3 - - -  Sc - - - 
Y2O3 0.47 0.58 0.57  Y 0.010 0.012 0.012 
La2O3 9.25 8.97 8.26  La 0.132 0.128 0.118 
Ce2O3 24.13 24.12 20.74  Ce 0.342 0.341 0.295 
Pr2O3 2.72 2.76 2.20  Pr 0.038 0.039 0.031 
Nd2O3 9.50 9.71 7.38  Nd 0.131 0.134 0.102 
Sm2O3 1.74 1.84 1.34  Sm 0.023 0.024 0.018 
Eu2O3 0.05 0.05 0.05  Eu 0.001 0.001 0.001 
Gd2O3 0.84 0.91 0.68  Gd 0.011 0.012 0.009 
Tb2O3 0.02 0.02 0.02  Tb 0.000 0.000 0.000 
Dy2O3 0.20 0.22 0.22  Dy 0.002 0.003 0.003 
Ho2O3 0.01 0.01 0.00  Ho 0.000 0.000 0.000 
Er2O3 0.02 0.03 0.06  Er 0.000 0.000 0.001 
Tm2O3 0.01 0.00 0.02  Tm 0.000 0.000 0.000 
Yb2O3 0.00 0.00 0.00  Yb 0.000 0.000 0.000 
Lu2O3 - - -  Lu - - - 
MgO - - -  Mg - - - 
CaO 2.94 2.92 3.94  Ca 0.122 0.121 0.164 
FeO - - -  Fe - - - 
SrO 0.00 0.00 0.01  Sr 0.000 0.000 0.000 
PbO 0.41 0.40 0.59  Pb 0.004 0.004 0.006 
K2O 0.00 0.00 0.00  K 0.000 0.000 0.000 
Total 101.06 101.14 101.02  Total 1.990 1.988 1.988 
Table A.25. EMPA analyses of monazite domains in sample 011603A1.  
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APPENDIX B 
CHEMICAL COMPOSITIONS OF MINERALS OTHER THAN MONAZITE 
 
Sample 123102A 
Location Core Lower right Lower left 
Wt % Oxide 
  
SiO2 36.34 35.75 35.50 
TiO2 0.00 0.00 0.00 
Al2O3 20.84 21.05 21.22 
Cr2O3 0.02 0.05 0.03 
Y2O3 0.88 1.52 1.49 
MgO 3.94 3.55 3.80 
CaO 1.81 1.93 1.83 
MnO 1.58 1.57 1.53 
FeO 33.31 32.72 32.63 
Na2O 0.06 0.07 0.08 
Total 98.77 98.19 98.11     
Cations Per 24 Oxygens 
 
Si 5.921 5.873 5.835 
Ti 0.000 0.000 0.000 
Al 4.001 4.075 4.110 
Cr 0.003 0.006 0.004 
Y 0.076 0.133 0.130 
Mg 0.957 0.869 0.932 
Ca 0.315 0.339 0.322 
Mn 0.218 0.218 0.213 
Fe 4.538 4.495 4.484 
Na 0.018 0.022 0.026 
Total 16.048 16.031 16.057     
X Mg 0.174 0.162 0.172 
Table B.1. EMPA analyses of garnet in 
sample 123102A. All Fe as FeO. X Mg = 
Mg/(Mg + Fe) 
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Sample 011602A 
Grain Encloses monazite m1 Encloses monazite 
m1 
Encloses monazite 
grains m3, m4, and m5 
Location Core Middle Rim Core Rim Core Rim 
Wt % Oxide 
      
SiO2 37.47 37.09 36.36 37.10 36.93 36.92 37.11 
TiO2 0.03 0.04 0.07 0.02 0.04 0.02 0.00 
Al2O3 21.49 21.28 21.11 21.37 21.27 21.32 21.36 
Cr2O3 0.02 0.00 0.00 0.01 0.02 0.02 0.01 
Y2O3 0.01 0.07 0.06 0.05 0.06 0.03 0.07 
MgO 6.85 5.99 4.69 6.45 5.87 6.00 6.03 
CaO 0.87 1.08 1.15 0.75 1.01 0.91 1.01 
MnO 0.67 0.76 0.84 0.70 0.76 0.77 0.72 
FeO 32.30 33.23 35.04 32.86 33.35 33.44 33.17 
Na2O 0.00 0.01 0.01 0.00 0.01 0.00 0.00 
Total 99.70 99.53 99.34 99.31 99.32 99.43 99.50         
Cations per 24 Oxygens 
     
Si 5.927 5.918 5.878 5.915 5.910 5.902 5.918 
Ti 0.004 0.005 0.009 0.002 0.005 0.003 0.000 
Al 4.006 4.002 4.023 4.014 4.011 4.016 4.016 
Cr 0.002 0.000 0.000 0.002 0.002 0.003 0.002 
Y 0.001 0.006 0.005 0.004 0.005 0.003 0.006 
Mg 1.616 1.424 1.130 1.532 1.400 1.429 1.434 
Ca 0.147 0.184 0.200 0.128 0.173 0.156 0.173 
Mn 0.089 0.102 0.115 0.095 0.104 0.104 0.098 
Fe 4.272 4.433 4.738 4.381 4.463 4.469 4.424 
Na 0.000 0.002 0.003 0.000 0.004 0.000 0.001 
Total 16.065 16.075 16.101 16.073 16.077 16.084 16.071         
X Mg 0.274 0.243 0.193 0.259 0.239 0.242 0.245 
Table B.2. EMPA analyses of garnet in sample 011602A. All Fe as FeO. X 
Mg = Mg/(Mg + Fe)  
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Sample 011702I1 
Grain Encloses monazite 
m4 
Encloses monazite m11 Encloses monazite 
m14 
Location Core Rim Core Outer 
Core 
Rim Core Rim 
Wt % Oxide 
      
SiO2 37.89 37.77 37.87 37.53 37.67 37.50 37.43 
TiO2 0.04 0.04 0.03 0.00 0.00 0.03 0.02 
Al2O3 21.54 21.57 21.51 21.32 21.43 21.39 21.21 
Cr2O3 0.03 0.07 0.00 0.04 0.11 0.04 0.07 
Y2O3 0.05 0.02 0.10 0.05 0.15 0.05 0.05 
MgO 7.25 7.24 7.18 6.23 6.34 5.90 5.83 
CaO 0.71 0.70 0.81 0.74 0.84 0.72 0.84 
MnO 0.11 0.14 0.12 0.14 0.13 0.15 0.15 
FeO 32.17 32.29 32.65 34.18 33.24 34.26 33.92 
Na2O 0.02 0.02 0.01 0.00 0.00 0.00 0.01 
Total 99.82 99.86 100.27 100.22 99.91 100.04 99.55         
Cations per 4 Oxygens 
     
Si 5.959 5.944 5.945 5.941 5.958 5.949 5.964 
Ti 0.005 0.005 0.003 0.000 0.000 0.003 0.003 
Al 3.992 4.000 3.981 3.977 3.995 3.999 3.984 
Cr 0.004 0.009 0.000 0.005 0.013 0.005 0.008 
Y 0.004 0.002 0.008 0.004 0.013 0.005 0.004 
Mg 1.701 1.699 1.680 1.469 1.496 1.395 1.386 
Ca 0.119 0.118 0.137 0.125 0.142 0.123 0.144 
Mn 0.015 0.019 0.016 0.019 0.017 0.020 0.021 
Fe 4.232 4.248 4.286 4.524 4.397 4.545 4.520 
Na 0.007 0.005 0.003 0.000 0.000 0.000 0.005 
Total 16.039 16.048 16.059 16.065 16.031 16.043 16.038         
X Mg 0.287 0.286 0.282 0.245 0.254 0.235 0.235 
Table B.3. EMPA analyses of garnet in sample 011702I1. All Fe as FeO. X Mg = 
Mg/(Mg + Fe)  
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Sample 011701B1 
Grain Small garnet Large Garnet 
Location Core Rim Core Rim 
Wt % 
    
SiO2 38.55 38.03 38.32 37.82 
TiO2 0.04 0.03 0.05 0.03 
Al2O3 21.64 21.37 21.79 21.20 
Cr2O3 0.03 0.05 0.02 0.04 
Y2O3 0.05 0.06 0.04 0.06 
MgO 8.08 6.89 9.19 6.39 
CaO 0.65 0.54 0.63 0.66 
MnO 0.08 0.12 0.11 0.15 
FeO 31.38 33.28 29.84 33.47 
Na2O 0.00 0.00 0.01 0.01 
Total 100.50 100.38 99.98 99.83      
Cations per 4 Oxygens 
  
Si 5.987 5.974 5.945 5.987 
Ti 0.004 0.004 0.005 0.004 
Al 3.960 3.956 3.983 3.954 
Cr 0.004 0.006 0.003 0.006 
Y 0.004 0.005 0.003 0.005 
Mg 1.871 1.614 2.125 1.508 
Ca 0.109 0.091 0.105 0.112 
Mn 0.010 0.016 0.014 0.020 
Fe 4.074 4.371 3.871 4.430 
Na 0.000 0.000 0.002 0.003 
Total 16.025 16.038 16.056 16.028      
X Mg 0.315 0.270 0.354 0.254 
Table B.4. EMPA analyses of garnet in sample 
011701B1. All Fe as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 011702L2 
Grain Encloses monazite 
m11 
Encloses monazite m12 
Location Core Rim Core Rim Rim (near 
biotite) 
Wt % 
     
SiO2 37.91 37.99 38.11 37.99 37.79 
TiO2 0.03 0.02 0.04 0.03 0.00 
Al2O3 21.62 21.52 21.67 21.53 21.57 
Cr2O3 0.03 0.06 0.04 0.03 0.05 
Y2O3 0.03 0.02 0.05 0.07 0.06 
MgO 7.75 7.60 7.99 8.09 7.32 
CaO 0.89 0.72 0.92 0.75 0.82 
MnO 0.20 0.22 0.23 0.24 0.23 
FeO 31.36 31.65 30.77 31.18 32.21 
Na2O 0.01 0.02 0.01 0.01 0.01 
Total 99.82 99.82 99.83 99.92 100.06       
Cations Per 4 Oxygens 
   
Si 5.945 5.963 5.958 5.947 5.938 
Ti 0.003 0.002 0.005 0.003 0.000 
Al 3.995 3.980 3.993 3.971 3.994 
Cr 0.004 0.008 0.005 0.004 0.006 
Y 0.003 0.002 0.004 0.006 0.005 
Mg 1.813 1.779 1.862 1.888 1.716 
Ca 0.149 0.122 0.154 0.126 0.138 
Mn 0.026 0.029 0.031 0.031 0.031 
Fe 4.112 4.153 4.022 4.081 4.231 
Na 0.002 0.006 0.003 0.002 0.003 
Total 16.052 16.044 16.037 16.060 16.062       
X Mg 0.306 0.300 0.316 0.316 0.288 
Table B.5. EMPA analyses of garnet in sample 011702L2. All Fe 
as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 122902 
Grain Encloses monazite m1 Encloses monazite 
m2 
Location Core Rim Line low in 
Ca 
Core Rim 
Wt % 
     
SiO2 37.47 36.83 37.51 37.32 37.39 
TiO2 0.00 0.10 0.00 0.00 0.00 
Al2O3 21.08 20.63 21.03 21.06 20.98 
Cr2O3 0.02 0.03 0.03 0.04 0.04 
Y2O3 0.12 0.14 0.10 0.07 0.09 
MgO 5.03 3.01 5.07 5.40 4.41 
CaO 2.19 1.93 2.04 2.14 2.14 
MnO 1.12 1.28 1.13 1.14 1.18 
FeO 33.19 35.89 33.49 32.82 34.28 
Na2O 0.01 0.00 0.00 0.01 0.01 
Total 100.23 99.84 100.40 100.00 100.52       
Cations Per 4 Oxygens 
   
Si 5.960 5.969 5.961 5.943 5.962 
Ti 0.000 0.012 0.000 0.000 0.000 
Al 3.952 3.940 3.939 3.951 3.942 
Cr 0.003 0.003 0.004 0.005 0.005 
Y 0.010 0.012 0.009 0.006 0.008 
Mg 1.193 0.728 1.202 1.282 1.048 
Ca 0.373 0.336 0.348 0.366 0.366 
Mn 0.151 0.176 0.152 0.154 0.159 
Fe 4.415 4.864 4.450 4.369 4.570 
Na 0.002 0.000 0.000 0.002 0.003 
Total 16.059 16.041 16.064 16.078 16.062       
X Mg 0.213 0.130 0.213 0.227 0.187 
Table B.6. EMPA analyses of garnet enclosing monazite grains 
m1 and m2 in sample 122902. All Fe as FeO. X Mg = Mg/(Mg + 
Fe)  
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Sample 122902 
Grain Encloses monazite 
m3 
Encloses monazite m7 
Location Core Rim Core Rim Line low 
in Ca 
Wt % 
     
SiO2 37.31 37.04 37.34 36.99 37.30 
TiO2 0.04 0.04 0.02 0.04 0.01 
Al2O3 21.07 20.73 20.95 20.78 20.88 
Cr2O3 0.00 0.01 0.01 0.02 0.02 
Y2O3 0.13 0.10 0.09 0.09 0.09 
MgO 4.99 3.98 5.20 3.79 5.30 
CaO 2.26 2.16 2.14 1.97 2.02 
MnO 1.13 1.20 1.10 1.16 1.09 
FeO 33.23 34.85 32.98 34.94 33.03 
Na2O 0.01 0.01 0.00 0.00 0.00 
Total 100.16 100.11 99.82 99.77 99.73       
Cations Per 4 Oxygens 
   
Si 5.944 5.955 5.959 5.965 5.959 
Ti 0.005 0.004 0.002 0.004 0.001 
Al 3.956 3.928 3.940 3.949 3.931 
Cr 0.000 0.001 0.002 0.002 0.002 
Y 0.011 0.009 0.007 0.008 0.007 
Mg 1.185 0.954 1.236 0.911 1.263 
Ca 0.385 0.372 0.366 0.341 0.346 
Mn 0.152 0.164 0.148 0.158 0.147 
Fe 4.427 4.686 4.402 4.712 4.413 
Na 0.004 0.002 0.000 0.000 0.000 
Total 16.069 16.073 16.064 16.051 16.070       
X Mg 0.211 0.169 0.219 0.162 0.223 
Table B.7. EMPA analyses of garnet enclosing monazite 
grains m3 and m7 in sample 122902. All Fe as FeO. X Mg = 
Mg/(Mg + Fe)  
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Sample 123102A 011602A 
Grain 1 2 3 1 2 3 
Wt% 
      
SiO2 35.92 35.90 36.05 35.99 36.12 35.31 
TiO2 4.78 4.84 5.07 5.26 5.37 5.27 
Al2O3 15.23 15.35 15.31 15.25 15.18 15.01 
Cr2O3 0.03 0.06 0.05 0.04 0.02 0.02 
MgO 9.54 9.47 9.51 11.47 11.40 10.74 
MnO 0.07 0.04 0.02 0.03 0.03 0.03 
FeO 20.91 21.11 20.84 17.97 18.21 18.58 
BaO 0.20 0.20 0.28 0.21 0.12 0.26 
Na2O 0.15 0.15 0.12 0.10 0.13 0.13 
K2O 9.37 9.27 9.26 9.39 9.51 9.40 
F 1.87 1.83 1.76 1.55 1.66 1.52 
Cl 1.35 1.20 1.20 0.47 0.52 0.56 
H2Ocalc 1.48 1.58 1.54 1.92 1.83 1.81 
Total 100.91 101.00 101.03 99.64 100.10 98.65 
O=F , Cl -1.09 -1.04 -1.01 -0.76 -0.82 -0.76 
Total 99.82 99.96 100.02 98.88 99.28 97.89        
Cations per 14 Cations 
    
Si 5.634 5.617 5.634 5.592 5.600 5.581 
IV Al 2.366 2.383 2.366 2.408 2.400 2.419 
IV Sum 8.000 8.000 8.000 8.000 8.000 8.000 
TiO2 0.564 0.570 0.596 0.615 0.627 0.627 
VI Al 0.449 0.446 0.454 0.384 0.372 0.377 
Al 2.815 2.830 2.820 2.793 2.773 2.796 
Cr 0.004 0.008 0.006 0.004 0.002 0.003 
Mg 2.232 2.209 2.216 2.656 2.634 2.532 
Mn 0.009 0.006 0.003 0.004 0.004 0.005 
Fe 2.742 2.761 2.724 2.336 2.361 2.457 
VI Sum 6.000 6.000 6.000 6.000 6.000 6.000 
Ba 0.012 0.012 0.017 0.013 0.007 0.016 
Na2O 0.046 0.045 0.037 0.030 0.039 0.041 
K2O 1.875 1.849 1.847 1.861 1.880 1.895 
XII Sum 1.933 1.907 1.901 1.904 1.927 1.952 
Cation 
Sum 
15.933 15.907 15.901 15.904 15.927 15.952 
F 0.929 0.903 0.872 0.760 0.814 0.758 
Cl 0.359 0.319 0.318 0.124 0.138 0.150 
H2Ocalc 1.552 1.647 1.605 1.988 1.888 1.909 
Anion 
Sum 
2.840 2.870 2.795 2.872 2.840 2.817 
       
X Mg 0.449 0.444 0.449 0.532 0.527 0.508 
Table B.8. EMPA analyses of biotite in samples 123102A and 
011602A. All Fe as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 011702I1 011701B1 
Grain 1 2 3 1 2 3 
Wt% 
      
SiO2 35.92 36.35 35.90 36.90 37.06 37.54 
TiO2 6.47 5.55 5.07 5.39 6.03 4.13 
Al2O3 14.98 15.10 14.93 14.33 14.78 15.16 
Cr2O3 0.11 0.11 0.12 0.12 0.13 0.10 
MgO 10.28 11.01 10.04 12.30 12.42 15.39 
MnO 0.01 0.00 0.00 0.00 0.00 0.00 
FeO 18.38 18.37 19.90 17.40 16.19 13.14 
BaO 0.17 0.24 0.19 0.24 0.25 0.26 
Na2O 0.15 0.08 0.12 0.25 0.25 0.30 
K2O 9.45 9.61 9.45 9.15 9.07 9.27 
F 1.56 1.61 1.55 1.66 1.96 2.49 
Cl 1.26 1.33 1.75 1.42 1.04 1.00 
H2Ocalc 1.29 1.49 1.46 1.63 1.40 1.61 
Total 100.02 100.83 100.47 100.79 100.56 100.38 
O=F , Cl -0.94 -0.98 -1.05 -1.02 -1.06 -1.27 
Total 99.08 99.86 99.42 99.77 99.50 99.11        
Cations per 14 Cations 
    
Si 5.635 5.644 5.646 5.688 5.691 5.680 
IV Al 2.365 2.356 2.354 2.312 2.309 2.320 
IV Sum 8.000 8.000 8.000 8.000 8.000 8.000 
TiO2 0.764 0.648 0.601 0.625 0.697 0.470 
VI Al 0.406 0.406 0.413 0.291 0.366 0.384 
Al 2.771 2.762 2.767 2.604 2.675 2.704 
Cr 0.013 0.013 0.014 0.015 0.016 0.012 
Mg 2.405 2.548 2.354 2.826 2.842 3.471 
Mn 0.001 0.000 0.000 0.000 0.000 0.000 
Fe 2.411 2.385 2.618 2.242 2.080 1.663 
VI Sum 6.000 6.000 6.000 6.000 6.000 6.000 
Ba 0.010 0.015 0.011 0.015 0.015 0.015 
Na2O 0.046 0.024 0.037 0.074 0.075 0.089 
K2O 1.891 1.904 1.896 1.800 1.776 1.789 
XII Sum 1.947 1.943 1.945 1.888 1.865 1.893 
Cation 
Sum 
15.947 15.943 15.945 15.888 15.865 15.893 
F 0.775 0.789 0.771 0.811 0.952 1.190 
Cl 0.334 0.349 0.467 0.371 0.270 0.255 
H2Ocalc 1.351 1.547 1.531 1.671 1.432 1.629 
Anion 
Sum 
2.460 2.685 2.769 2.853 2.654 3.075 
       
X Mg 0.499 0.516 0.473 0.558 0.577 0.676 
Table B.9. EMPA analyses of biotite in samples 011702I1 and 
011701B1. All Fe as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 011702L2 121401C 
Grain 1 2 3 1 2 3 
Wt% 
      
SiO2 36.89 36.60 36.69 36.92 37.08 37.09 
TiO2 5.56 5.18 5.73 5.21 4.97 5.06 
Al2O3 14.91 14.92 15.28 14.94 14.89 14.90 
Cr2O3 0.09 0.06 0.08 0.29 0.33 0.28 
MgO 11.88 12.02 11.70 14.17 14.39 14.17 
MnO 0.00 0.00 0.00 0.00 0.00 0.03 
FeO 17.68 17.36 17.57 14.57 14.58 14.54 
BaO 0.14 0.14 0.11 0.15 0.24 0.18 
Na2O 0.28 0.30 0.28 0.17 0.15 0.14 
K2O 9.23 9.16 9.17 9.56 9.57 9.49 
F 1.69 1.77 1.71 2.29 2.07 2.16 
Cl 1.16 1.13 1.16 0.83 0.89 0.82 
H2Ocalc 1.62 1.63 1.58 1.59 1.74 1.66 
Total 101.12 100.26 101.06 100.70 100.89 100.54 
O=F , Cl -0.97 -1.00 -0.98 -1.15 -1.07 -1.10 
Total 100.15 99.26 100.08 99.55 99.82 99.44        
Cations per 14 Cations 
    
Si 5.662 5.658 5.631 5.619 5.626 5.645 
IV Al 2.338 2.342 2.369 2.381 2.374 2.355 
IV Sum 8.000 8.000 8.000 8.000 8.000 8.000 
TiO2 0.642 0.602 0.662 0.597 0.568 0.579 
VI Al 0.359 0.375 0.396 0.299 0.289 0.317 
Al 2.698 2.718 2.765 2.680 2.662 2.672 
Cr 0.011 0.007 0.010 0.034 0.039 0.034 
Mg 2.719 2.771 2.677 3.216 3.255 3.214 
Mn 0.000 0.000 0.000 0.000 0.000 0.004 
Fe 2.269 2.244 2.255 1.854 1.850 1.851 
VI Sum 6.000 6.000 6.000 6.000 6.000 6.000 
Ba 0.008 0.008 0.007 0.009 0.014 0.011 
Na2O 0.084 0.089 0.083 0.051 0.044 0.043 
K2O 1.807 1.807 1.796 1.856 1.853 1.843 
XII Sum 1.899 1.904 1.886 1.916 1.910 1.896 
Cation 
Sum 
15.899 15.904 15.886 15.916 15.910 15.896 
F 0.820 0.865 0.829 1.101 0.993 1.041 
Cl 0.301 0.297 0.302 0.215 0.228 0.212 
H2Ocalc 1.656 1.680 1.615 1.612 1.765 1.685 
Anion 
Sum 
2.777 2.843 2.747 2.929 2.986 2.938 
       
X Mg 0.545 0.553 0.543 0.634 0.638 0.635 
Table B.10. EMPA analyses of biotite in samples 011702L2 and 
121401C. All Fe as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 123106 122902 
Grain 1 2 3 1 2 3 
Wt% 
      
SiO2 38.13 37.81 38.04 36.45 36.20 36.37 
TiO2 2.45 2.15 1.60 6.03 6.20 6.02 
Al2O3 16.19 15.63 15.97 14.90 14.81 14.97 
Cr2O3 0.00 0.03 0.00 0.04 0.04 0.04 
MgO 15.88 16.15 16.50 10.08 9.81 9.91 
MnO 0.03 0.02 0.05 0.04 0.05 0.05 
FeO 13.18 13.71 13.44 19.57 20.22 19.98 
BaO 0.02 0.12 0.10 0.32 0.33 0.32 
Na2O 0.18 0.20 0.20 0.12 0.10 0.16 
K2O 9.64 9.59 9.64 9.25 9.31 9.41 
F 2.32 2.59 2.49 1.16 1.33 1.14 
Cl 0.83 0.74 0.72 0.19 0.20 0.20 
H2O 2.77 2.63 2.70 1.91 1.86 1.91 
Total 101.61 101.36 101.46 100.07 100.47 100.47 
O=F , Cl -1.16 -1.26 -1.21 -0.53 -0.61 -0.52 
Total 100.45 100.11 100.25 99.53 99.86 99.95        
Cations per 22 Oxygens 
 
Cations per 14 Cations 
Si 5.607 5.604 5.617 5.670 5.635 5.651 
IV Al 2.393 2.396 2.383 2.330 2.365 2.349 
IV Sum 8.000 8.000 8.000 8.000 8.000 8.000 
Ti 0.271 0.240 0.178 0.705 0.726 0.704 
IV Al 0.413 0.334 0.397 0.402 0.352 0.392 
Al 2.806 2.730 2.780 2.732 2.717 2.741 
Cr 0.000 0.003 0.000 0.004 0.005 0.005 
Mg 3.480 3.569 3.632 2.337 2.277 2.297 
Mn 0.004 0.003 0.006 0.005 0.007 0.006 
Fe 1.620 1.699 1.660 2.546 2.633 2.596 
VI Sum 5.789 5.847 5.873 6.000 6.000 6.000 
Ba 0.001 0.007 0.006 0.020 0.020 0.019 
Na 0.051 0.057 0.056 0.036 0.031 0.048 
K 1.808 1.814 1.816 1.836 1.849 1.866 
XII Sum 1.860 1.878 1.878 1.892 1.900 1.933 
Cation 
Sum 
15.649 15.726 15.751 15.892 15.900 15.933 
F 1.078 1.213 1.161 0.572 0.657 0.558 
Cl 0.208 0.186 0.180 0.051 0.053 0.051 
H2O calc 2.714 2.601 2.659 1.979 1.928 1.983 
Anion 
Sum 
4.000 4.000 4.000 2.602 2.637 2.593 
       
X Mg 0.682 0.677 0.686 0.479 0.464 0.469 
Table B.11. EMPA analyses of biotite in samples 123106 and 122902. 
All Fe as FeO. X Mg = Mg/(Mg + Fe)  
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Sample 123102A 011602A 011702I1 011702J1 121401C 
Grain 
location 
matrix corona corona matrix symp symp string matrix 
Wt %         
SiO2 49.72 49.74 50.34 50.39 50.23 50.42 49.77 49.82 
TiO2 0.02 0.00 0.03 0.00 0.03 0.02 0.02 0.05 
Al2O3 32.68 32.78 32.65 32.85 32.84 32.86 32.55 35.08 
Cr2O3 0.03 0.01 0.01 0.04 0.00 0.01 0.01 0.00 
MgO 8.51 9.58 9.37 8.86 9.28 9.34 8.51 10.55 
CaO 0.01 0.02 0.02 0.01 0.03 0.03 0.01 0.01 
MnO 0.13 0.07 0.07 0.01 0.00 0.04 0.01 0.04 
FeO 8.22 6.99 7.16 7.94 7.56 7.21 8.30 4.96 
Na2O 0.05 0.02 0.03 0.05 0.05 0.03 0.03 0.05 
K2O 0.01 0.01 0.02 0.00 0.02 0.00 0.01 0.02 
Total 99.37 99.22 99.70 100.15 100.03 99.94 99.22 100.59 
         
Cations per 18 Oxygens   
Si 5.056 5.072 5.039 5.072 5.057 5.070 5.067 4.935 
Ti 0.002 0.002 0.000 0.00 0.002 0.001 0.001 0.004 
Al 3.916 3.881 3.913 3.897 3.896 3.894 3.906 4.095 
Cr 0.002 0.001 0.001 0.003 0.00 0.001 0.001 0.00 
Mg 1.290 1.413 1.448 1.330 1.393 1.400 1.291 1.559 
Ca 0.002 0.002 0.002 0.001 0.003 0.003 0.002 0.001 
Mn 0.011 0.006 0.006 0.001 0.00 0.004 0.001 0.004 
Fe 0.699 0.605 0.592 0.668 0.636 0.606 0.706 0.411 
Na 0.009 0.006 0.004 0.009 0.009 0.006 0.007 0.009 
K 0.001 0.002 0.001 0.00 0.002 0.00 0.001 0.002 
Total 10.988 10.989 11.006 10.982 10.999 10.985 10.983 11.019 
         
X Mg 0.649 0.700 0.710 0.666 0.687 0.698 0.646 0.791 
Table B.12. EMPA analyses of cordierite. Symp stands for symplectite. All Fe as 
FeO. X Mg = Mg/(Mg + Fe) 
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Sample 011702L2 
Grain Bottom Middle Top 
Wt %    
SiO2 48.80 48.74 48.93 
TiO2 0.15 0.18 0.14 
Al2O3 4.69 4.73 4.43 
Cr2O3 0.04 0.03 0.00 
Fe2O3 1.37 1.12 1.17 
MgO 17.21 16.91 17.14 
CaO 0.12 0.11 0.10 
MnO 0.06 0.08 0.08 
FeO 27.50 28.02 27.87 
Na2O 0.02 0.01 0.00 
K2O 0.00 0.00 0.00 
Total 99.97 99.93 99.88 
    
Cations per 6 Oxygens  
Si 1.870 1.872 1.879 
Ti 0.004 0.005 0.004 
Al 0.212 0.214 0.201 
Cr 0.001 0.001 0.000 
Fe3+ 0.039 0.032 0.034 
Mg 0.983 0.968 0.981 
Ca 0.005 0.005 0.004 
Mn 0.002 0.003 0.003 
Fe2+ 0.881 0.900 0.895 
Na 0.001 0.001 0.000 
K 0.000 0.000 0.000 
Total 4.000 4.000 4.000 
    
X Mg 0.527 0.518 0.523 
Table B.13. EMPA analyses of the 
orthopyroxene poikiblast in sample 
011702L2. FeO and Fe2O3 calculated 
by stoichiometry. X Mg = Mg2+/(Mg2+ 
+ Fe)  
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Sample 123102A 011602A 123106 123102A 
Grain 
   
1 2 3 
Wt% 
      
WO3 0.00 0.00 0.00 0.00 0.00 0.00 
Nb2O5 0.00 0.00 0.00 0.02 0.00 0.01 
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.01 
TiO2 0.26 0.06 0.03 0.03 0.02 0.00 
ZrO2 0.03 0.02 0.00 0.00 0.02 0.00 
SnO2 0.00 0.05 0.01 0.02 0.00 0.00 
Al2O3 0.36 0.41 0.28 55.12 55.00 54.37 
V2O3 0.81 0.47 0.07 0.14 0.13 0.20 
Cr2O3 0.37 0.07 0.03 0.44 0.62 0.68 
Fe2O3 66.78 67.09 67.98 5.72 5.63 6.18 
MgO 0.05 0.02 0.00 5.82 5.06 4.39 
MnO 0.02 0.00 0.02 0.26 0.20 0.19 
FeO 31.25 30.89 30.90 31.01 32.32 33.27 
ZnO 0.00 0.02 0.00 0.24 0.23 0.30 
Total 99.92 99.09 99.30 98.82 99.23 99.61        
Cations per 4 Oxygens 
    
W 0.000 0.000 0.000 0.000 0.000 0.000 
Nb 0.000 0.000 0.000 0.000 0.000 0.000 
Ta 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.008 0.002 0.001 0.001 0.000 0.000 
Zr 0.001 0.000 0.000 0.000 0.000 0.000 
Sn 0.000 0.001 0.000 0.000 0.000 0.000 
Al 0.016 0.019 0.013 1.860 1.859 1.845 
V 0.025 0.014 0.002 0.003 0.003 0.005 
Cr 0.011 0.002 0.001 0.010 0.014 0.015 
Fe3+ 1.932 1.958 1.982 0.123 0.121 0.134 
Mg 0.003 0.001 0.000 0.248 0.216 0.188 
Mn 0.000 0.000 0.001 0.006 0.005 0.005 
Fe2+ 1.004 1.002 1.001 0.742 0.775 0.801 
Zn 0.000 0.001 0.000 0.005 0.005 0.006 
Total 3.000 3.000 3.000 3.000 3.000 3.000        
X Mg 
   
0.251 0.218 0.190 
Table B.14. EMPA analyses of magnetite in samples 123102A, 
011602A, and 123106, and EMPA analyses of hercynite in sample 
123102A. FeO and Fe2O3 calculated by stoichiometry. X Mg = Mg/(Mg 
+ Fe)  
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Sample 011602A 121401C 
Grain 1 2 3 1 2 3 
Wt% 
      
WO3 0.00 0.00 0.00 0.00 0.00 0.00 
Nb2O5 0.02 0.00 0.00 0.02 0.00 0.00 
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.03 0.02 0.00 0.00 0.02 0.00 
ZrO2 0.00 0.01 0.00 0.05 0.01 0.01 
SnO2 0.00 0.00 0.00 0.02 0.00 0.00 
Al2O3 56.48 55.90 55.12 54.92 54.12 54.18 
V2O3 0.09 0.09 0.08 0.15 0.14 0.14 
Cr2O3 0.08 0.11 0.08 1.74 2.64 3.00 
Fe2O3 4.53 5.38 6.27 5.29 5.48 5.09 
MgO 4.42 4.26 4.13 7.52 7.27 7.17 
MnO 0.09 0.10 0.08 0.09 0.09 0.14 
FeO 34.02 34.25 34.25 28.19 28.64 28.67 
ZnO 0.04 0.03 0.06 0.46 0.37 0.41 
Total 99.81 100.16 100.07 98.46 98.77 98.81        
Cations per 4 Oxygens 
    
W 0.000 0.000 0.000 0.000 0.000 0.000 
Nb 0.000 0.000 0.000 0.000 0.000 0.000 
Ta 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.001 0.000 0.000 0.000 0.001 0.000 
Zr 0.000 0.000 0.000 0.001 0.000 0.000 
Sn 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.897 1.878 1.861 1.842 1.818 1.820 
V 0.002 0.002 0.002 0.003 0.003 0.003 
Cr 0.002 0.003 0.002 0.039 0.059 0.068 
Fe3+ 0.097 0.115 0.135 0.113 0.118 0.109 
Mg 0.188 0.181 0.176 0.319 0.309 0.305 
Mn 0.002 0.002 0.002 0.002 0.002 0.003 
Fe2+ 0.810 0.817 0.821 0.671 0.682 0.683 
Zn 0.001 0.001 0.001 0.010 0.008 0.009 
Total 3.000 3.000 3.000 3.000 3.000 3.000        
X Mg 0.188 0.182 0.177 0.322 0.311 0.309 
Table B.15. EMPA analyses of hercynite in samples 011602A and 
121401C. FeO and Fe2O3 calculated by stoichiometry. X Mg = Mg/(Mg 
+ Fe)  
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Sample 123102A 011602A 
Grain 1 2 3 1 2 3 
Wt% 
      
WO3 0.00 0.02 0.04 0.03 0.00 0.00 
Nb2O5 0.04 0.09 0.07 0.10 0.13 0.10 
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 50.67 46.56 46.66 48.61 47.54 47.74 
ZrO2 0.01 0.02 0.01 0.00 0.02 0.00 
SnO2 0.04 0.02 0.00 0.01 0.00 0.00 
Al2O3 0.04 0.02 0.02 0.04 0.02 0.01 
V2O3 0.24 0.42 0.39 0.91 0.86 0.83 
Cr2O3 0.05 0.05 0.06 0.00 0.00 0.01 
Fe2O3 4.19 11.65 11.44 6.96 8.92 9.31 
MgO 0.26 0.30 0.32 0.40 0.40 0.42 
MnO 0.76 0.31 0.28 0.16 0.17 0.19 
FeO 44.39 41.12 41.22 42.95 41.96 42.08 
ZnO 0.00 0.04 0.00 0.03 0.08 0.04 
Total 100.69 100.62 100.52 100.20 100.09 100.71        
Cations per 3 Oxygens 
    
W 0.000 0.000 0.000 0.000 0.000 0.000 
Nb 0.000 0.001 0.001 0.001 0.002 0.001 
Ta 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.956 0.883 0.885 0.923 0.905 0.903 
Zr 0.000 0.000 0.000 0.000 0.000 0.000 
Sn 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.001 0.001 0.000 0.001 0.001 0.000 
V 0.004 0.007 0.006 0.015 0.014 0.014 
Cr 0.001 0.001 0.001 0.000 0.000 0.000 
Fe3+ 0.079 0.221 0.217 0.132 0.170 0.176 
Mg 0.010 0.011 0.012 0.015 0.015 0.016 
Mn 0.016 0.007 0.006 0.004 0.004 0.004 
Fe2+ 0.932 0.867 0.870 0.907 0.888 0.885 
Zn 0.000 0.001 0.000 0.001 0.001 0.001 
Total 2.000 2.000 2.000 2.000 2.000 2.000        
X Fe 0.494 0.495 0.496 0.496 0.495 0.495 
Table B.16. EMPA analyses of illmenite in samples 123102A and 
011602A. FeO and Fe2O3 calculated by stoichiometry. X Fe = Fe
2+/(Fe2+ 
+ Ti)  
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Sample 011701I1 011701B1 
Grain 1 2 3 1 2 3 
Wt% 
      
WO3 0.00 0.01 0.02 0.00 0.00 0.01 
Nb2O5 0.07 0.14 0.15 0.15 0.18 0.18 
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 52.29 52.12 52.52 52.57 52.53 52.11 
ZrO2 0.02 0.00 0.00 0.01 0.00 0.04 
SnO2 0.00 0.00 0.03 0.00 0.00 0.00 
Al2O3 0.00 0.00 0.00 0.02 0.05 0.05 
V2O3 0.62 0.79 0.53 0.32 0.38 0.46 
Cr2O3 0.08 0.11 0.14 0.05 0.07 0.09 
Fe2O3 1.47 1.23 1.38 0.77 0.81 0.34 
MgO 0.28 0.12 0.81 0.70 0.72 0.69 
MnO 0.02 0.05 0.05 0.03 0.04 0.02 
FeO 46.53 46.77 45.92 46.15 46.10 45.82 
ZnO 0.07 0.00 0.00 0.02 0.01 0.01 
Total 101.45 101.34 101.54 100.80 100.88 99.82        
Cations per 3 Oxygens 
    
W 0.000 0.000 0.000 0.000 0.000 0.000 
Nb 0.001 0.002 0.002 0.002 0.002 0.002 
Ta 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.979 0.978 0.979 0.987 0.985 0.988 
Zr 0.000 0.000 0.000 0.000 0.000 0.000 
Sn 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.000 0.000 0.000 0.001 0.001 0.002 
V 0.010 0.013 0.009 0.005 0.006 0.008 
Cr 0.002 0.002 0.003 0.001 0.001 0.002 
Fe3+ 0.028 0.023 0.026 0.015 0.015 0.006 
Mg 0.010 0.004 0.030 0.026 0.027 0.026 
Mn 0.000 0.001 0.001 0.001 0.001 0.000 
Fe2+ 0.969 0.976 0.951 0.963 0.961 0.966 
Zn 0.001 0.000 0.000 0.000 0.000 0.000 
Total 2.000 2.000 2.000 2.000 2.000 2.000        
X Fe 0.497 0.499 0.493 0.494 0.494 0.494 
Table B.17. EMPA analyses of illmenite in samples 011702I1 and 
011701B1. FeO and Fe2O3 calculated by stoichiometry. X Fe = 
Fe2+/(Fe2+ + Ti)  
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Sample 122902 
Grain 1 2 3 
Wt% 
   
WO3 0.02 0.00 0.00 
Nb2O5 0.48 0.45 0.43 
Ta2O5 0.00 0.00 0.00 
TiO2 51.47 51.27 51.01 
ZrO2 0.03 0.00 0.02 
SnO2 0.00 0.00 0.04 
Al2O3 0.04 0.02 0.03 
V2O3 0.00 0.00 0.03 
Cr2O3 0.02 0.00 0.00 
Fe2O3 3.09 2.89 3.20 
MgO 0.99 0.71 0.23 
MnO 0.20 0.21 0.30 
FeO 44.88 45.08 45.63 
ZnO 0.00 0.03 0.04 
Total 101.23 100.66 100.97     
Cations per 3 Oxygens 
 
W 0.000 0.000 0.000 
Nb 0.005 0.005 0.005 
Ta 0.000 0.000 0.000 
Ti 0.961 0.965 0.961 
Zr 0.000 0.000 0.000 
Sn 0.000 0.000 0.000 
Al 0.001 0.001 0.001 
V 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 
Fe3+ 0.058 0.054 0.060 
Mg 0.037 0.027 0.008 
Mn 0.004 0.005 0.006 
Fe2+ 0.932 0.944 0.956 
Zn 0.000 0.000 0.001 
Total 2.000 2.000 2.000     
X Fe 0.492 0.494 0.499 
Table B.18. EMPA analyses of illmenite 
in sample 122902. FeO and Fe2O3 
calculated by stoichiometry. X Fe = 
Fe2+/(Fe2+ + Ti)  
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Sample 011701B1 011702L2 
Grain 1 2 3 1 2 3 
Wt % 
      
SO3 0.00 0.00 0.00 0.01 0.00 0.00 
P2O5 40.12 40.65 40.59 40.39 40.67 40.43 
SiO2 0.00 0.00 0.00 0.03 0.02 0.04 
Y2O3 0.45 0.46 0.49 0.46 0.44 0.46 
La2O3 0.17 0.11 0.09 0.08 0.08 0.10 
Ce2O3 0.48 0.32 0.33 0.28 0.23 0.24 
Nd2O3 0.25 0.19 0.21 0.25 0.10 0.16 
Yb2O3 0.07 0.02 0.00 0.00 0.03 0.06 
MgO 0.65 0.42 0.40 0.74 0.76 0.68 
CaO 48.69 49.85 50.65 48.59 48.48 48.48 
MnO 0.06 0.05 0.02 0.12 0.12 0.12 
FeO 3.61 3.06 2.07 4.30 4.46 4.35 
Na2O 0.39 0.31 0.33 0.32 0.27 0.31 
F 1.88 1.95 2.19 2.01 2.05 2.13 
Cl 2.81 2.74 2.46 2.67 2.61 2.54 
H2O 0.21 0.21 0.17 0.20 0.20 0.17 
Total 99.83 100.36 100.02 100.44 100.50 100.27 
O=F,Cl -1.42 -1.44 -1.48 -1.45 -1.45 -1.47 
Total 98.40 98.92 98.54 99.00 99.06 98.80        
Cations per 12.5 
     
S 0.000 0.000 0.000 0.001 0.000 0.000 
P 2.811 2.819 2.814 2.810 2.822 2.815 
Si 0.000 0.000 0.000 0.003 0.002 0.003 
Y 0.020 0.020 0.021 0.020 0.019 0.020 
La 0.005 0.003 0.003 0.002 0.002 0.003 
Ce 0.015 0.010 0.010 0.008 0.007 0.007 
Nd 0.007 0.006 0.006 0.007 0.003 0.005 
Yb 0.002 0.000 0.000 0.000 0.001 0.002 
Mg 0.080 0.052 0.048 0.091 0.093 0.084 
Ca 5.036 5.103 5.184 4.991 4.965 4.984 
Mn 0.004 0.004 0.002 0.008 0.008 0.008 
Fe 0.250 0.210 0.142 0.296 0.306 0.299 
Na 0.062 0.049 0.053 0.051 0.043 0.049 
F 0.491 0.506 0.568 0.522 0.530 0.555 
Cl 0.395 0.380 0.342 0.371 0.362 0.354 
OH 0.114 0.113 0.090 0.107 0.108 0.091 
Total 8.290 8.276 8.284 8.288 8.271 8.280        
X 
F/(F+Cl+OH) 
0.491 0.506 0.568 0.522 0.530 0.555 
Table B.19. EMPA analyses of apatite in samples 011701B1 and 011702L2.  
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Sample 012104B 123106 
Grain 1 2 3 1 2 3 
Wt % 
      
SO3 0.05 0.05 0.06 0.06 0.06 0.09 
P2O5 40.35 40.45 40.28 40.57 40.88 40.97 
SiO2 0.04 0.00 0.08 0.03 0.02 0.04 
Y2O3 0.87 0.80 0.84 0.60 0.34 0.41 
La2O3 0.11 0.16 0.11 0.05 0.07 0.04 
Ce2O3 0.39 0.44 0.31 0.18 0.19 0.11 
Nd2O3 0.21 0.34 0.34 0.08 0.11 0.17 
Yb2O3 0.06 0.04 0.05 0.00 0.04 0.05 
MgO 0.87 0.83 0.62 0.10 0.14 0.00 
CaO 48.79 48.87 49.04 52.99 52.94 54.13 
MnO 0.19 0.19 0.20 0.23 0.28 0.12 
FeO 3.02 3.06 3.03 0.73 0.80 0.11 
Na2O 0.52 0.52 0.53 0.31 0.26 0.24 
F 2.32 2.30 2.32 2.86 2.71 3.65 
Cl 2.02 2.02 2.00 1.32 1.46 0.71 
H2O 0.21 0.22 0.21 0.16 0.20 0.00 
Total 100.02 100.31 100.03 100.25 100.49 100.79 
O=F,Cl -1.43 -1.42 -1.43 -1.50 -1.47 -1.70 
Total 98.58 98.88 98.60 98.75 99.02 99.10        
Cations per 12.5 
     
S 0.004 0.004 0.004 0.005 0.004 0.006 
P 2.806 2.808 2.803 2.785 2.797 2.787 
Si 0.004 0.000 0.007 0.002 0.001 0.003 
Y 0.038 0.035 0.037 0.026 0.015 0.018 
La 0.003 0.005 0.003 0.001 0.002 0.001 
Ce 0.012 0.013 0.009 0.005 0.006 0.003 
Nd 0.006 0.010 0.010 0.002 0.003 0.005 
Yb 0.002 0.001 0.001 0.000 0.001 0.001 
Mg 0.106 0.102 0.075 0.012 0.016 0.000 
Ca 5.009 5.009 5.039 5.370 5.347 5.436 
Mn 0.013 0.013 0.014 0.016 0.019 0.008 
Fe 0.208 0.210 0.208 0.049 0.054 0.008 
Na 0.083 0.083 0.084 0.048 0.041 0.037 
F 0.604 0.597 0.604 0.733 0.694 0.927 
Cl 0.281 0.281 0.279 0.182 0.201 0.097 
OH 0.115 0.122 0.117 0.085 0.105 0.000 
Total 8.294 8.293 8.296 8.322 8.306 8.314        
X 
F/(F+Cl+OH) 
0.604 0.597 0.604 0.733 0.694 0.905 
Table B.20. EMPA analyses of apatite in samples 012104B and 123106.  
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Sample 121401C 012104B 
Grain 1* 3* 4* 5* 1 2 3 
Wt % 
    
   
SO3 0.02 0.00 0.00 0.00 0.02 0.02 0.00 
P2O5 34.86 34.88 35.14 34.83 35.40 35.37 35.37 
SiO2 0.19 0.21 0.18 0.31 0.12 0.14 0.09 
ThO2 0.12 0.18 0.16 0.25 0.04 0.00 0.00 
UO2 0.09 0.19 0.19 0.35 0.05 0.01 0.00 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sc2O3 0.09 0.04 0.05 0.03 0.08 0.08 0.09 
Y2O3 40.77 41.39 41.37 40.57 40.65 40.39 40.88 
La2O3 0.03 0.02 0.03 0.00 0.04 0.00 0.02 
Ce2O3 0.14 0.08 0.02 0.09 0.13 0.13 0.12 
Pr2O3 0.11 0.04 0.05 0.04 0.10 0.08 0.05 
Nd2O3 0.51 0.38 0.37 0.47 0.51 0.64 0.54 
Sm2O3 0.38 0.43 0.39 0.46 0.52 0.65 0.60 
Eu2O3 1.46 1.47 1.58 1.42 1.78 1.85 1.84 
Gd2O3 3.69 3.76 3.97 3.66 4.29 4.39 4.40 
Tb2O3 0.44 0.48 0.47 0.41 0.56 0.53 0.58 
Dy2O3 3.13 3.42 3.48 3.18 4.11 4.36 4.44 
Ho2O3 1.07 1.10 1.12 1.15 1.22 1.20 1.20 
Er2O3 4.48 4.46 4.47 4.60 4.64 4.42 4.34 
Tm2O3 0.80 0.84 0.80 0.82 0.84 0.81 0.82 
Yb2O3 5.85 5.50 5.43 5.95 5.18 4.90 4.69 
Lu2O3 0.97 0.90 0.92 0.98 0.83 0.77 0.77 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 0.04 0.05 0.07 0.04 0.10 0.11 0.07 
FeO 0.00 0.00 0.00 0.00 0.00 0.07 0.00 
PbO 0.05 0.19 0.23 0.06 0.18 0.00 0.17 
Total 99.28 100.01 100.52 99.67 101.36 100.91 101.08 
Table B.21. EMPA analyses of xenotime, expressed as wt % oxide.  
*denotes grain in contact with a monazite grain with this id number. 
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Sample 121401C 012104B 
Grain 1* 3* 4* 5* 1 2 3 
Wt % 
    
   
S 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P 1.000 0.996 0.998 0.998 1.000 1.001 1.001 
Si 0.006 0.007 0.006 0.011 0.004 0.005 0.003 
Sum P + Si + S 1.007 1.003 1.004 1.008 1.005 1.006 1.004 
Th 0.001 0.001 0.001 0.002 0.000 0.000 0.000 
U 0.001 0.001 0.001 0.003 0.000 0.000 0.000 
Sum Th + U 0.002 0.003 0.003 0.005 0.001 0.000 0.000 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sc 0.003 0.001 0.002 0.001 0.002 0.002 0.003 
Y 0.735 0.743 0.739 0.731 0.722 0.719 0.727 
La 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ce 0.002 0.001 0.000 0.001 0.002 0.002 0.001 
Pr 0.001 0.000 0.001 0.000 0.001 0.001 0.001 
Nd 0.006 0.005 0.004 0.006 0.006 0.008 0.006 
Sm 0.004 0.005 0.005 0.005 0.006 0.007 0.007 
Eu 0.017 0.017 0.018 0.016 0.020 0.021 0.021 
Gd 0.041 0.042 0.044 0.041 0.047 0.049 0.049 
Tb 0.005 0.005 0.005 0.005 0.006 0.006 0.006 
Dy 0.034 0.037 0.038 0.035 0.044 0.047 0.048 
Ho 0.012 0.012 0.012 0.012 0.013 0.013 0.013 
Er 0.048 0.047 0.047 0.049 0.049 0.046 0.046 
Tm 0.008 0.009 0.008 0.009 0.009 0.008 0.009 
Yb 0.060 0.057 0.056 0.061 0.053 0.050 0.048 
Lu 0.010 0.009 0.009 0.010 0.008 0.008 0.008 
Sum REE + Y + Sc 0.987 0.991 0.988 0.982 0.989 0.987 0.992 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.001 0.002 0.003 0.002 0.003 0.004 0.003 
Fe 0.000 0.000 0.000 0.000 0.000 0.002 0.000 
Pb 0.000 0.002 0.002 0.001 0.002 0.000 0.002 
Sum Divalent 
Cations 
0.002 0.004 0.005 0.002 0.005 0.006 0.004 
Total 1.997 2.000 2.000 1.997 1.999 1.999 2.000 
        
X Y/REE 0.745 0.750 0.748 0.744 0.730 0.729 0.733 
Table B.22. EMPA analyses of xenotime in cations per 4 oxygens.  
*denotes grain in contact with a monazite grain with this id number 
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APPENDIX C 
GARNET AND ORTHOPYROXENE CHEMICAL MAPS  
 
 
Figure C.1. Garnet chemical maps of the garnet grain in sample 123102A. Increasing brightness 
from deep blue to bright yellow indicates higher chemical content. Lime green stars mark the 
locations of chemical analyses (Appendix B). Grt = Garnet, Crd = Cordierite. a Ca map. b Mg 
map. c Mn map. d Y map.  
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Figure C.2. Garnet chemical map of the garnet grain enclosing monazite grain m1 in sample 
011602A. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Bt = Biotite, Hc = Herycnite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.3. Garnet chemical map of the garnet grain enclosing monazite grain m2 in sample 
011602A. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Kfs = K-Spar, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.4. Garnet chemical map of the garnet grain enclosing monazite grains m3, m4, and m5 
in sample 011602A. Increasing brightness from deep blue to bright yellow indicates higher 
chemical content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = 
Garnet, Qtz = Quartz, Kfs = K-spar, Bt = Biotite, Hc = Herycnite. a Ca map. b Mg map. c Mn 
map. d Y map.  
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Figure C.5. Garnet chemical map of the garnet grain enclosing monazite grain m4 in sample 
011702I1. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Pl = Plagioclase, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.6. Garnet chemical map of the garnet grain enclosing monazite grain m11 in sample 
011702I1. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Pl = Plagioclase, Bt = Biotite, Crd = Cordierite, Ilm = Ilmenite, Mnz = Monazite. a 
Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.7. Garnet chemical map of the garnet grain enclosing monazite grain m14 in sample 
011702I1. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Crd = Cordierite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.8. Garnet chemical map of the large garnet grain in sample 011701B1. Increasing 
brightness from deep blue to bright yellow indicates higher chemical content. Lime green stars 
mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = Quartz, Ap = 
Apatite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.9. Garnet chemical map of the small garnet grain in sample 011701B1. Increasing 
brightness from deep blue to bright yellow indicates higher chemical content. Lime green stars 
mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = Quartz, Bt = Biotite. 
a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.10. Garnet chemical map of the garnet grain enclosing monazite grain m11 in sample 
011702L2. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quarrtz, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.11. Garnet chemical map of the garnet grain enclosing monazite grain m12 in sample 
011702L2. Increasing brightness from deep blue to bright yellow indicates higher chemical 
content. Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, 
Qtz = Quartz, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.12. Garnet chemical map of the garnet grain enclosing monazite grain m1 in sample 
122902. Increasing brightness from deep blue to bright yellow indicates higher chemical content. 
Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = 
Quartz, Pl = Plagioclase, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.13. Garnet chemical map of the garnet grain enclosing monazite grain m2 in sample 
122902. Increasing brightness from deep blue to bright yellow indicates higher chemical content. 
Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = 
Quartz, Pl = Plagioclase, Bt = Biotite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.14. Garnet chemical map of the garnet grain enclosing monazite grain m3 in sample 
122902. Increasing brightness from deep blue to bright yellow indicates higher chemical content. 
Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = 
Quartz, Pl = Plagioclase, Bt = Biotite, Ilm = Ilmenite. a Ca map. b Mg map. c Mn map. d Y map.  
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Figure C.15. Garnet chemical map of the garnet grain enclosing monazite grain m7 in sample 
122902. Increasing brightness from deep blue to bright yellow indicates higher chemical content. 
Lime green stars mark the locations of chemical analyses (Appendix B). Grt = Garnet, Qtz = 
Quartz, Pl = Plagioclase, Bt = Biotite, Ilm = Ilmenite. a Ca map. b Mg map. c Mn map. d Y map.  
 240  
 
 
Figure C.16. Orthopyroxene chemical map of the orthopyroxene grain in sample 011702L2. 
Increasing brightness from deep blue to bright yellow indicates higher chemical content. Lime 
green stars mark the locations of chemical analyses (Appendix B). Opx = Orthopyroxene, Qtz = 
Quartz, Ap = Apatite. a Ca map. b Mg map. c Mn map. d Y map. 
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APPENDIX D 
FULL THIN SECTION CHEMICAL MAPS AND MONAZITE CHEMICAL MAPS 
 
 
Figure D.1. Magnesium chemical map of thin section 123102A (top) with U chemical maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the U chemical maps, brighter shades of blue indicate 
higher U content. Red dots mark locations of monazite grains. Stars mark the locations of 
quantitative chemical analyses and dates.  
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Figure D.2. Magnesium chemical map of thin section 123102A (top) with Y chemical maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the Y chemical maps, increasing brightness from deep 
blue to bright yellow indicates higher Y content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates.  
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Figure D.3. Magnesium chemical map of thin section 123102A (top) with Th chemical maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the Th chemical maps, increasing brightness from 
orange to bright yellow indicates higher Th content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates.  
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Figure D.4. Magnesium chemical map of thin section 123102A (top) with age maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the age maps, increasing brightness from deep blue to 
bright yellow indicates older dates. The maps indicate that all domains are Cambrian. Red dots 
mark locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. 
 245  
 
 
Figure D.5. Magnesium chemical map of thin section 011602A (center) with U chemical maps 
of individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the U chemical maps, increasing brightness from deep 
blue to bright yellow indicates higher U content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. Bt = Biotite, Crd = 
Cordierite, Grt = Garnet, Hc = Hercynite, Qtz = Quartz.  
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Figure D.6. Magnesium chemical map of thin section 011602A (center) with Y chemical maps 
of individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the Y chemical maps, increasing brightness from deep 
blue to bright yellow indicates higher Y content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. Bt = Biotite, Crd = 
Cordierite, Grt = Garnet, Hc = Hercynite, Qtz = Quartz.  
 247  
 
 
Figure D.7. Magnesium chemical map of thin section 011602A (center) with Th chemical maps 
of individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the Th chemical maps, increasing brightness from 
deep blue to bright yellow indicates higher Th content. Red dots mark locations of monazite 
grains. Stars mark the locations of quantitative chemical analyses and dates. Bt = Biotite, Crd = 
Cordierite, Grt = Garnet, Hc = Hercynite, Qtz = Quartz.  
 248  
 
 
Figure D.8. Magnesium chemical map of thin section 123102A (top) with age maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the age maps, increasing brightness from deep blue to 
bright yellow indicates older dates. Purple domains are Cambrian whereas orange domains are 
Neoproterozoic. Red dots mark locations of monazite grains. Stars mark the locations of 
quantitative chemical analyses and dates. Bt = Biotite, Crd = Cordierite, Grt = Garnet, Hc = 
Hercynite, Qtz = Quartz.  
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Figure D.9. Magnesium chemical map of thin section 011702I1 (center) with U chemical maps 
of individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the U chemical maps, increasing brightness from deep 
blue to bright yellow indicates higher U content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. Crd = Cordierite. 
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Figure D.10. Magnesium chemical map of thin section 011702I1 (center) with Y chemical maps 
of individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the Y chemical maps, increasing brightness from deep 
blue to bright yellow indicates higher Y content. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. Crd = Cordierite.  
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Figure D.11. Magnesium chemical map of thin section 011702I1 (center) with Th chemical 
maps of individual monazite grains with host mineral specified. In the Mg chemical map, 
increasing brightness indicates higher Mg content. In the Th chemical maps, increasing 
brightness from deep blue to bright yellow indicates higher Th content. Red dots mark locations 
of monazite grains. Stars mark the locations of quantitative chemical analyses and dates. Crd = 
Cordierite.  
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Figure D.12. Magnesium chemical map of thin section 123102A (top) with age maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the age maps, increasing brightness from deep blue to 
bright yellow indicates older dates. Purple domains are Cambrian whereas orange domains are 
Neoproterozoic. Red dots mark locations of monazite grains. Stars mark the locations of 
quantitative chemical analyses and dates. Crd = Cordierite.  
 253  
 
 
Figure D.13. Backscattered electron (BSE) map of thin section 011701B1 (center) with U 
chemical maps of individual monazite grains with host mineral specified. In the BSE map, 
increasing brightness indicates higher average atomic number. In the U chemical maps, 
increasing brightness from deep blue to bright yellow indicates higher U content. Red dots mark 
locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.14. Backscattered electron (BSE) map of thin section 011701B1 (center) with Y 
chemical maps of individual monazite grains with host mineral specified. In the BSE map, 
increasing brightness indicates higher average atomic number. In the Y chemical maps, 
increasing brightness from deep blue to bright yellow indicates higher Y content. Red dots mark 
locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.15. Backscattered electron (BSE) map of thin section 011701B1 (center) with Th 
chemical maps of individual monazite grains with host mineral specified. In the BSE map, 
increasing brightness indicates higher average atomic number. In the Th chemical maps, 
increasing brightness from deep blue to bright yellow indicates higher Th content. Red dots mark 
locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.16. Backscattered electron (BSE) map of thin section 011701B1 (center) with age 
maps of individual monazite grains with host mineral specified. In the BSE map, increasing 
brightness indicates higher average atomic number. In the age maps, increasing brightness from 
deep blue to bright yellow indicates older dates. Purple domains are Cambrian whereas orange 
domains are Neoproterozoic. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates. 
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Figure D.17. Backscattered electron (BSE) map of thin section 011702J with U chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the U chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher U content. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.18. Backscattered electron (BSE) map of thin section 011702J with Y chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the Y chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher Y content. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.19. Backscattered electron (BSE) map of thin section 011702J with Th chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the Th chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher Th content. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.20. Backscattered electron (BSE) map of thin section 011702J with age maps of 
individual monazite grains with host mineral specified. In the BSE map, increasing brightness 
indicates higher average atomic number. In the age maps, increasing brightness from deep blue 
to bright yellow indicates older dates. Purple domains are Cambrian whereas orange domains are 
Neoproterozoic. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.21. Magnesium chemical map of thin section 011702L2 (center) with U chemical 
maps of individual monazite grains with host mineral specified. In the Mg chemical map, 
increasing brightness indicates higher Mg content. In the U chemical maps, increasing brightness 
from deep blue to bright yellow indicates higher U content. Red dots mark locations of monazite 
grains. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.22. Magnesium chemical map of thin section 011702L2 (center) with Y chemical 
maps of individual monazite grains with host mineral specified. In the Mg chemical map, 
increasing brightness indicates higher Mg content. In the Y chemical maps, increasing brightness 
from deep blue to bright yellow indicates higher Y content. Red dots mark locations of monazite 
grains. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.23. Magnesium chemical map of thin section 011702L2 (center) with Th chemical 
maps of individual monazite grains with host mineral specified. In the Mg chemical map, 
increasing brightness indicates higher Mg content. In the Th chemical maps, increasing 
brightness from deep blue to bright yellow indicates higher Th content. Red dots mark locations 
of monazite grains. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.24. Magnesium chemical map of thin section 011702L2 (center) with age maps of 
individual monazite grains with host mineral specified. In the Mg chemical map, increasing 
brightness indicates higher Mg content. In the age maps, increasing brightness from deep blue to 
bright yellow indicates older dates. Purple domains are Cambrian whereas orange domains are 
Neoproterozoic. Red dots mark locations of monazite grains. Stars mark the locations of 
quantitative chemical analyses and dates.  
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Figure D.25. Backscattered electron (BSE) map of thin section 121401C (center) with U 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the U chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher U content. Grains m3, m4, and m5 are in part surrounded by 
xenotime which also contains U. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.26. Backscattered electron (BSE) map of thin section 121401C (center) with Y 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Y chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Y content. Grains m3, m4, and m5 are in part surrounded by 
xenotime which also contains Y. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.27. Backscattered electron (BSE) map of thin section 121401C (center) with Th 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Th content. Stars mark the locations of quantitative chemical 
analyses and dates. 
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Figure D.28. Backscattered electron (BSE) map of thin section 121401C (center) with age maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the age maps, increasing brightness from deep blue to bright yellow indicates 
older dates. Purple domains are Cambrian whereas orange domains are Neoproterozoic. Stars 
mark the locations of quantitative chemical analyses and dates. 
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Figure D.29. Backscattered electron (BSE) map of thin section 012104B with U chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the U chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher U content. Red dots mark locations of monazite grains. Stars mark the locations 
of quantitative chemical analyses and dates. The yellow circles indicate spots analyzed for 
geothermometry (Chapter 4).   
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Figure D.30. Backscattered electron (BSE) map of thin section 012104B with Y chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the Y chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher Y content. Red dots mark locations of monazite grains. Stars mark the locations 
of quantitative chemical analyses and dates. The yellow circles indicate spots analyzed for 
geothermometry (Chapter 4).   
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Figure D.31. Backscattered electron (BSE) map of thin section 012104B with Th chemical maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the Th chemical maps, increasing brightness from deep blue to bright yellow 
indicates higher Th content. Red dots mark locations of monazite grains. Stars mark the locations 
of quantitative chemical analyses and dates. The yellow circles indicate spots analyzed for 
geothermometry (Chapter 4).   
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Figure D.32. Backscattered electron (BSE) map of thin section 012104B with age maps of 
individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the age maps, increasing brightness from deep blue to bright yellow indicates 
older dates. All domains are Cambrian. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. The yellow circles indicate spots 
analyzed for geothermometry (Chapter 4).   
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Figure D.33. Backscattered electron (BSE) map of thin section 123106 (center) with U chemical 
maps of individual monazite grains. In the BSE map, increasing brightness indicates higher 
average atomic number. In the U chemical maps, increasing brightness from deep blue to bright 
yellow indicates higher U content. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates.  
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Figure D.34. Backscattered electron (BSE) map of thin section 123106 (center) with Y chemical 
maps of individual monazite grains. In the BSE map, increasing brightness indicates higher 
average atomic number. In the Y chemical maps, increasing brightness from purple to bright 
yellow indicates higher Y content. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates. In grain m15 variation in Y content is 
likely a result of beam angle variation. 
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Figure D.35. Backscattered electron (BSE) map of thin section 123106 (center) with Th 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from purple to 
bright yellow indicates higher Th content. Red dots mark locations of monazite grains. Stars 
mark the locations of quantitative chemical analyses and dates.  
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Figure D.36. Backscattered electron (BSE) map of thin section 123106 (center) with age maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the age maps, increasing brightness from purple to bright yellow indicates 
older dates. Dates of domains vary from Cambrian to Neoprotzeozoic. Red dots mark locations 
of monazite grains. Stars mark the locations of quantitative chemical analyses and dates.  
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Figure D.37. Backscattered electron (BSE) map of thin section 122902 (center) with U chemical 
maps of individual monazite grains. In the BSE map, increasing brightness indicates higher 
average atomic number. In the U chemical maps, increasing brightness from deep blue to bright 
yellow indicates higher U content. The rims with apparent high U content are likely a result of 
interference with K in surrounding k-spar grains. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.38. Backscattered electron (BSE) map of thin section 122902 (center) with Y chemical 
maps of individual monazite grains. In the BSE map, increasing brightness indicates higher 
average atomic number. In the Y chemical maps, increasing brightness from deep blue to bright 
yellow indicates higher Y content. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates. 
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Figure D.39. Backscattered electron (BSE) map of thin section 122902 (center) with Th 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from purple to 
bright yellow indicates higher Th content. Red dots mark locations of monazite grains. Stars 
mark the locations of quantitative chemical analyses and dates. 
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Figure D.40. Backscattered electron (BSE) map of thin section 122902 (center) with age maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the age maps, increasing brightness from deep blue to bright yellow indicates 
older dates. Purple domains are Cambrian whereas orange domains are Neoproterozoic. Red dots 
mark locations of monazite grains. Stars mark the locations of quantitative chemical analyses and 
dates. 
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Figure D.41. Backscattered electron (BSE) map of thin section 112801F (center) with U 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the U chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher U content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.42. Backscattered electron (BSE) map of thin section 112801F (center) with Y 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Y chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Y content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.43. Backscattered electron (BSE) map of thin section 112801F (center) with Th 
chemical maps of individual monazite grains. In the BSE map, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from red to bright 
yellow indicates higher Th content. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates. 
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Figure D.44. Backscattered electron (BSE) map of thin section 112801F (center) with age maps 
of individual monazite grains. In the BSE map, increasing brightness indicates higher average 
atomic number. In the age, increasing brightness from deep blue to bright yellow indicates older 
dates. All domains are Cambrian. Red dots mark locations of monazite grains. Stars mark the 
locations of quantitative chemical analyses and dates. 
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Figure D.45. Backscattered electron (BSE) maps of thin section 112901 (center) with U 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the U chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher U content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.46. Backscattered electron (BSE) maps of thin section 112901 (center) with Y 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the Y chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Y content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.47. Backscattered electron (BSE) maps of thin section 112901 (center) with Th 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Th content. Red dots mark locations of monazite grains. Stars 
mark the locations of quantitative chemical analyses and dates. 
 288  
 
 
Figure D.48. Backscattered electron (BSE) maps of thin section 112901 (center) with age maps 
of individual monazite grains. In the BSE maps, increasing brightness indicates higher average 
atomic number. In the age maps, increasing brightness from deep blue to bright yellow indicates 
older dates. All domains are Cambrian to Neoproterozoic. Red dots mark locations of monazite 
grains. Stars mark the locations of quantitative chemical analyses and dates. 
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Figure D.49. Backscattered electron (BSE) maps of thin section 011603A (center) with U 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the U chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher U content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.50. Backscattered electron (BSE) maps of thin section 011603A (center) with Y 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the Y chemical maps, increasing brightness from deep blue to 
bright yellow indicates higher Y content. Red dots mark locations of monazite grains. Stars mark 
the locations of quantitative chemical analyses and dates. 
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Figure D.51. Backscattered electron (BSE) maps of thin section 011603A (center) with Th 
chemical maps of individual monazite grains. In the BSE maps, increasing brightness indicates 
higher average atomic number. In the Th chemical maps, increasing brightness from orange to 
bright yellow indicates higher Th content. Red dots mark locations of monazite grains. Stars 
mark the locations of quantitative chemical analyses and dates. 
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Figure D.52. Backscattered electron (BSE) maps of thin section 011603A (center) with age 
maps of individual monazite grains. In the BSE maps, increasing brightness indicates higher 
average atomic number. In the age maps, increasing brightness from deep blue to bright yellow 
indicates older dates. All domains are Cambrian. Red dots mark locations of monazite grains. 
Stars mark the locations of quantitative chemical analyses and dates. 
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APPENDIX E 
 
DATES AND CHEMICAL CONTENT OF INDIVIDUAL ANALYSIS POINTS 
 
123102A m1p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
531 71301 416 1734 1309 
 
523 65107 469 1566 1408 
 
526 66385 448 1605 1408 
 
538 75062 536 1858 1223 
 
545 76623 556 1923 1158 
 
541 79219 577 1974 1173 
 
123102A m4p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
525 104547 358 2495 4729 
 
528 104784 517 2528 4680 
 
527 106228 490 2554 4582 
 
530 104544 507 2529 4730 
 
527 104088 514 2505 4730 
 
532 104700 537 2545 4812 
 
123102A m1p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
511 86975 495 2033 25352 
 
514 85421 571 2015 26416 
 
517 85972 585 2040 24922 
 
513 84655 586 1997 25206 
 
515 84315 541 1991 26688 
 
513 82669 590 1949 26706 
 
123102A m4p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
511 80482 639 1896 29850 
 
516 80691 776 1930 29881 
 
512 80997 769 1919 29597 
 
512 79680 854 1895 29599 
 
501 75226 570 1736 26508 
 
522 75779 487 1813 23071 
 
Table E.1. Dates and chemical content of each individual point of analysis 
in domains in sample analyzed at UMass.  
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011602A m2p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
897 42230 8381 2867 19572 
 
916 39226 8723 2855 19067 
 
888 40162 9386 2892 18774 
 
905 39224 8520 2790 18777 
 
902 41540 9574 3019 19014 
 
877 40829 8587 2772 20031 
 
011602A m2p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
945 43461 7734 2988 12891 
 
897 43592 8292 2911 13463 
 
933 43977 8069 3017 12489 
 
936 44382 7371 2946 10491 
 
928 44064 7539 2930 11326 
 
814 45086 7119 2539 8862 omitted 
011602A m1p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
916 55544 3255 2766 2246 
 
917 56085 3492 2825 2374 
 
918 56867 3561 2868 2363 
 
896 55842 3519 2752 2311 
 
909 55675 3477 2779 2256 
 
907 54956 3471 2742 2269 
 
011602A m11p5 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
925 53052 1877 2494 1031 
 
913 53444 2050 2500 1025 
 
906 53909 2114 2510 1123 
 
916 54158 2342 2579 1059 
 
898 54973 2520 2584 1046 
 
917 57081 1952 2648 649 
 
011602A m16p5 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
897 59912 2177 2736 1124 
 
901 58646 2503 2741 1153 
 
803 56791 2513 2369 1555 
 
882 55363 2254 2517 1141 
 
847 64254 2572 2798 1240 
 
827 60076 3202 2651 1065 
 
011602A m5p6 
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Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
506 57951 3030 1542 1096 omitted 
574 56407 2976 1708 1565 
 
566 58063 3214 1746 1448 
 
551 55633 3075 1629 1510 
 
654 50914 4675 1958 4142 omitted 
555 55411 3101 1636 1503 
 
011602A m8p7 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
517 58581 2893 1579 4388 
 
527 59287 3165 1650 4155 
 
517 58515 3032 1589 5237 
 
530 63117 2851 1725 1052 omitted 
011602A m16p7 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
526 59414 3039 1639 5097 
 
517 59782 2888 1607 4650 
 
525 59846 3032 1646 4624 
 
516 58139 4360 1678 5457 
 
515 59346 2830 1588 4650 
 
512 58773 3019 1580 5036 
 
011602A m20p7 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
518 58681 2690 1571 4257 
 
522 58978 2868 1605 4345 
 
517 59432 3004 1609 4687 
 
Table E.2. Dates and chemical content of each individual point of analysis 
in domains in sample 011602A analyzed at UMass. 
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011702I1 m4p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
543 41430 2616 1221 7555 
 
526 41012 2753 1183 7619 
 
530 41228 2737 1195 7523 
 
540 41501 2731 1223 7134 
 
531 41611 2733 1206 7226 
 
532 41444 2780 1209 7098 
 
011702I1 m8p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
539 37661 2528 1114 8356 
 
530 37828 2726 1114 8407 
 
539 37778 2742 1133 9003 
 
539 40101 2733 1189 8352 
 
534 39145 2694 1151 8130 
 
531 40094 2731 1170 8346 
 
011702I1 m7p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
522 135301 2420 3362 1890 
 
532 141794 2728 3604 1961 
 
517 138028 2521 3400 1907 
 
528 136786 2545 3444 1933 
 
517 121469 2507 3014 2163 
 
516 120376 2472 2979 2089 
 
011702I1 m8p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
533 123586 1305 3065 1258 
 
521 119005 1395 2893 1198 
 
525 119107 1363 2916 1220 
 
528 121540 1406 2993 1265 
 
526 124466 1498 3060 1199 
 
532 124973 1521 3108 1150 
 
011702I1 m5p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
480 2700 2485 232 3666 omitted 
486 4068 2715 282 3617 omitted 
514 5119 2798 329 3707 omitted 
500 11525 2769 462 3245 
 
515 14967 2740 554 3640 
 
507 16762 2687 582 3765 
 
011702I1 m18p3 
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Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
511 2600 2477 245 3459 
 
516 2609 2720 267 3579 
 
520 2079 3147 289 3928 
 
486 1119 1940 163 4084 omitted 
533 1707 2290 220 3772 
 
534 2094 2578 253 3461 
 
011702I1 m11p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
515 49857 1855 1295 12816 
 
495 48191 2072 1220 9912 
 
482 50386 1967 1229 15145 
 
514 56688 1734 1439 22944 
 
011702I1 m14p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
524 22899 2078 699 18259 
 
497 21094 2579 659 16503 
 
494 22333 2401 669 17565 
 
515 20376 2390 652 17052 
 
513 18533 2104 585 18034 
 
471 23714 2247 656 19753 
 
011702I1 m16p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
0 555 0 0 10065 omitted 
763 3203 2681 419 19308 
 
632 3674 3185 404 19245 
 
552 4016 3358 373 18646 
 
615 2487 2472 295 18147 
 
676 3669 3091 424 19434 
 
Table E.3. Dates and chemical content of each individual point of analysis 
in domains in sample 011702I1 analyzed at UMass.  
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011701B1 m2p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
531 60998 4675 1819 5156 
 
527 60727 4834 1814 5153 
 
523 60633 5529 1850 5533 
 
519 61689 5624 1865 5318 
 
520 61459 5450 1852 5217 
 
521 61315 5470 1855 5381 
 
011701B1 m4p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
525 2900 3781 360 10484 
 
511 2742 3928 357 10387 
 
529 2451 3789 353 10223 
 
523 3002 3914 371 10333 
 
526 3852 5011 478 11712 
 
519 1970 3859 340 10822 
 
011701B1 m15p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
525 273 3312 262 14227 
 
518 279 3589 279 14286 
 
544 244 4158 339 12248 
 
571 338 3522 306 14822 
 
579 309 4329 378 12254 
 
592 328 4441 398 11651 
 
Table E.4. Dates and chemical content of each individual point of analysis 
in domains in sample 011701B1 analyzed at UMass.  
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011702L2 m4p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
924 27654 4314 1770 8262 
 
910 27199 4613 1765 9042 
 
894 27720 4747 1773 9216 
 
903 27306 4723 1771 8754 
 
906 26089 4478 1693 9727 
 
911 28274 4422 1786 8217 
 
011702L2 m9p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
938 22299 4630 1616 11353 
 
920 22530 4808 1618 11268 
 
914 23219 4755 1628 11172 
 
925 22285 4769 1612 11243 
 
908 22695 4787 1601 11324 
 
935 22959 4719 1651 11259 
 
011702L2 m4p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
508 26575 4409 935 8534 
 
499 26585 4691 938 8436 
 
483 26560 4511 894 8537 
 
487 26462 4515 900 8498 
 
487 25844 4281 870 8665 
 
485 26589 4490 898 8625 
 
011702L2 m10p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
531 25222 6484 1109 9127 
 
528 25602 6678 1125 8839 
 
520 24848 6906 1109 9109 
 
525 25696 6721 1125 8850 
 
532 24885 6817 1129 9170 
 
526 25689 6454 1105 9069 
 
011702L2 m11p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
544 22317 6995 1106 10273 
 
531 22992 7220 1112 10444 
 
534 22503 7334 1116 10328 
 
541 23202 7238 1140 10579 
 
543 22094 7151 1111 10255 
 
538 21707 7072 1085 10393 
 
Table E.5. Dates and chemical content of each individual point of analysis 
in domains in sample 011702L2 analyzed at UMass.   
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012104B m8p1 left 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
552 22199 9911 1356 39292 
 
532 19541 11309 1353 37132 
 
582 21292 8565 1295 31828 omitted 
536 22410 10043 1331 38541 
 
528 21306 10269 1302 39720 
 
531 19593 10638 1299 38931 
 
012104B m8p1 right 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
552 15427 13779 1503 32117 
 
544 16470 14872 1594 32077 
 
540 16725 14971 1596 32166 
 
548 15183 14236 1523 32334 
 
545 16000 13957 1513 32794 
 
541 15883 13521 1462 31984 
 
012104B m22p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
556 19696 11337 1421 34574 
 
538 20090 11776 1418 33880 
 
539 19638 11799 1413 34466 
 
549 19817 11825 1445 34119 
 
545 19761 11688 1422 34922 
 
546 19814 11857 1439 35091 
 
012104B m8p2 left 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
523 19078 7542 1027 42974 
 
508 17285 8047 995 42321 
 
518 18413 7796 1021 42708 
 
520 19181 7895 1052 42253 
 
522 20636 7539 1062 41909 
 
534 20770 8623 1175 34982 omitted 
012104B m8p2 right 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
500 6915 10509 924 42108 omitted 
518 24809 10318 1363 39890 omitted 
494 11694 10286 1004 41270 omitted 
490 6247 9367 810 42543 omitted 
471 3054 8790 669 42842 omitted 
487 4920 9162 761 42650 omitted 
012104B m22p2 
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Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
453 16385 9638 969 41623 
 
472 16528 9999 1041 40956 
 
504 16231 10135 1116 41207 
 
538 15591 9721 1146 40638 
 
550 15835 9247 1142 40325 
 
551 15550 9296 1139 40233 
 
012104B m22p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
512 17730 8709 1062 37257 
 
498 17216 8954 1039 37098 
 
500 17213 8580 1016 39159 
 
500 17590 8821 1041 39488 
 
491 17310 8583 999 39031 
 
494 17579 8819 1028 37607 
 
Table E.6. Dates and chemical content of each individual point of analysis 
in domains in sample 012104B analyzed at UMass.   
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122902 m1p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
817 17529 5468 1326 18830 
 
863 15407 5344 1305 17545 
 
891 18085 7474 1748 21470 
 
871 18542 7080 1672 20764 
 
799 15044 6047 1275 18273 
 
761 16324 5793 1225 16614 
 
122902 m13p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
979 45045 2634 2401 17144 
 
981 45284 2843 2449 17982 
 
960 47986 3277 2577 18326 
 
970 47870 3009 2561 18148 
 
970 45648 2717 2418 17015 
 
962 48646 3118 2587 17897 
 
122902 m3p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
767 54094 3327 2261 8846 
 
747 54456 3472 2227 8577 
 
789 54687 3616 2383 8919 
 
710 53644 2897 2028 7802 
 
712 53066 3165 2043 8099 
 
677 54899 2952 1976 8209 
 
122902 m2p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
515 74462 985 1798 2281 
 
516 74251 1227 1816 2348 
 
521 74169 1234 1829 2291 
 
512 73577 1194 1782 2281 
 
514 74861 1249 1823 2234 
 
504 72357 957 1710 2178 
 
122902 m13p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
522 69382 836 1692 2164 
 
524 63039 1157 1574 2143 
 
526 64723 1261 1627 2114 
 
517 65879 1276 1628 2065 
 
527 69676 983 1726 2074 
 
520 66722 1179 1648 2140 
 
Table E.7. Dates and chemical content of each individual point of analysis 
in domains in sample 122902 analyzed at UMass.   
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112801F m1p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
551 104013 3105 2831 16934 
 
552 106141 3258 2898 17005 
 
541 107140 3026 2845 17471 
 
539 105911 3178 2818 16814 
 
547 94710 3378 2600 17444 
 
561 97172 3463 2737 16793 
 
112801F m3p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
596 88461 3370 2670 14192 
 
587 90712 3447 2694 13223 
 
584 92904 2925 2694 14028 
 
578 93268 2859 2671 13660 
 
579 92741 2700 2646 13754 
 
572 92371 2596 2595 13697 
 
112801F m1p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
532 63328 2604 1717 28867 
 
534 62998 2762 1729 28589 
 
533 64706 2835 1772 29026 
 
532 64216 2824 1758 29157 
 
533 64837 2671 1761 27949 
 
523 63765 2818 1715 28900 
 
Table E.8. Dates and chemical content of each individual point of analysis 
in domains in sample 112801F analyzed at UMass.   
 
112901 m1 upper right 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
525 18534 23489 2251 21433 
 
513 18938 24225 2260 21399 
 
512 18353 24199 2240 21221 
 
520 17818 23646 2222 20865 
 
517 18705 23532 2221 21954 
 
514 17673 24024 2219 21410 
 
511 18541 24106 2235 21275 
 
112901 m1 lower left 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
516 16727 23295 2151 22931 
 
500 16311 24017 2127 22766 
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501 17480 24065 2162 22472 
 
493 12516 21356 1818 21192 
 
504 17298 24070 2170 22064 
 
503 17350 24171 2175 22357 
 
112901 m2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
492 8046 20234 1634 10725 
 
477 2300 17948 1301 10447 
 
479 487 21209 1496 10214 
 
478 730 21611 1526 9962 
 
490 3239 20745 1559 10474 
 
490 4719 22120 1690 10710 
 
491 1384 21880 1602 9986 
 
475 757 19690 1383 9451 omitted 
502 478 16875 1252 10165 omitted 
502 1745 22141 1670 9872 omitted 
112901 m5 right 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
517 1793 23041 1790 16813 
 
497 2111 23205 1735 16697 
 
499 2097 26493 1984 17377 
 
498 2068 26127 1952 17746 
 
504 2150 26568 2013 17694 
 
500 2139 26358 1977 17621 
 
112901 m5 left 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
521 2088 27468 2151 18352 
 
498 505 23354 1717 17218 
 
499 3472 26474 2013 18707 
 
497 3247 28554 2152 19235 
 
498 3543 28591 2165 19017 
 
498 2847 29087 2187 19020 
 
112901 m6 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
507 2118 26499 2019 18999 
 
498 1981 28075 2092 19738 
 
495 2037 28099 2080 19247 
 
502 2124 27184 2048 18802 
 
498 2017 27114 2022 18929 
 
500 1727 25056 1875 17954 
 
Table E.9. Dates and chemical content of each individual point of analysis in domains in sample 
112901 analyzed at UMass 
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011603A1 m1p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
515 152584 3073 3761 3601 
 
519 152436 3292 3805 3684 
 
520 153546 3295 3839 3808 
 
519 156244 3347 3897 3471 
 
516 154781 3340 3841 3708 
 
516 153657 3283 3814 3802 
 
011603A1 m4p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
520 151664 3536 3810 4688 
 
509 151443 3684 3736 4434 
 
510 150518 3609 3717 4533 
 
505 147769 3456 3609 4060 omitted 
506 146709 3360 3585 3964 omitted 
508 144476 3290 3544 3923 omitted 
011603A1 m1p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
523 199385 8657 5353 4595 
 
522 200346 9014 5393 4418 
 
524 203271 8926 5472 4365 
 
531 200567 9148 5501 4434 
 
530 205014 9008 5584 4460 
 
524 205264 8976 5528 4492 
 
Table E.10. Dates and chemical content of each individual point of analysis in domains in 
sample 011603A1 analyzed at UMass. 
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123102A m4p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
532 129131 1146 3178 3598 
 
525 127719 1233 3108 3514 
 
529 128942 1224 3164 3544 
 
525 128056 1270 3117 3570 
 
9493 -3780 0 -2032 -3860 omitted 
531 127401 1123 3131 3650 
 
123102A m4p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
589 100623 903 2749 10963 omitted 
567 97018 1096 2565 26626 
 
568 98405 1067 2603 26307 
 
583 93156 665 2503 20105 omitted 
571 90450 743 2384 24936 
 
580 92541 877 2491 24950 
 
Table E.11. Dates and chemical content of each individual point of 
analysis in domains in sample 123102A analyzed at UMaine. 
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011602A m5p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
896 37885 8815 2748 12315 omitted 
823 32890 11317 2637 20116 
 
814 34464 12145 2769 22977 
 
780 33823 11762 2578 21678 
 
011602A m8p6 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
574 64280 4395 2032 1052 
 
553 66060 4166 1981 596 
 
564 64590 4178 1985 900 
 
567 67688 4279 2084 658 
 
570 67000 4309 2081 705 
 
546 69145 4152 2030 326 
 
011602A m1p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
989 64502 4914 3649 1701 
 
992 65324 5153 3734 1851 
 
992 63961 4860 3629 1493 
 
984 63780 4894 3595 1350 
 
998 62945 4810 3600 1295 
 
948 63165 4702 3406 1348 
 
011602A m20p7 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
555 70515 4174 2102 2953 
 
542 71113 4096 2060 2978 
 
542 71255 4084 2061 3031 
 
542 69726 3892 2011 3525 
 
547 69519 3805 2016 3248 
 
553 69096 3948 2042 3385 
 
Table E.12. Dates and chemical content of each individual point of 
analysis in domains in sample 011602A analyzed at UMaine. 
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011702B1 m7p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
875 50998 8073 3100 5742 
 
886 50641 8527 3188 6000 
 
895 51160 8588 3250 6048 
 
877 47611 9302 3138 6155 
 
884 50977 8571 3198 5626 
 
886 52648 8426 3257 5366 
 
011701B1 m8p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
931 52978 6638 3187 4215 
 
929 51296 7173 3186 4294 
 
925 51591 7092 3172 4253 
 
931 52481 7220 3248 4426 
 
927 51854 7083 3189 4297 
 
939 52386 6718 3201 4020 
 
011701B1 m2p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
1024 65853 13411 5196 11114 omitted 
1029 62553 13044 5011 10987 omitted 
1005 61826 12868 4830 10844 omitted 
990 67708 13480 5110 11076 
 
997 67769 13484 5151 11084 
 
982 67965 13322 5055 10979 
 
011701B1 m3p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
958 75165 13942 5326 11110 omitted 
955 69011 12963 4897 10927 
 
945 70234 12995 4900 10935 
 
944 72332 13223 5019 10900 
 
948 74024 13350 5133 10926 
 
964 71548 13306 5109 10917 
 
Table E.13. Dates and chemical content of each individual point of 
analysis in domains in sample 011701B1 analyzed at UMaine. 
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011702J m1p1 right 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
999 10084 11267 2200 9678 
 
1005 10006 10735 2126 9300 
 
993 10272 10586 2088 9273 
 
1011 8741 11123 2143 9402 
 
1002 9140 10599 2060 9241 
 
1007 9368 10299 2034 9089 
 
011702J m1p1 left 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
1001 9536 12380 2351 47 
 
1008 9769 12234 2356 10021 
 
1021 9860 12052 2367 9929 
 
990 10126 12103 2306 9903 
 
986 11161 11676 2278 9703 
 
1008 16398 10734 2428 9525 omitted 
011702J m1p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
565 56713 5647 1912 5960 omitted 
572 57293 6011 1984 5299 
 
560 52316 8993 2059 5608 omitted 
575 55087 6504 1978 5510 
 
565 55670 6501 1957 5442 
 
569 55332 6597 1970 5518 
 
011702J m2p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
575 55499 5344 1889 5625 
 
582 53695 5818 1908 6204 
 
589 55316 5295 1927 5632 
 
590 54649 5974 1974 6199 
 
571 50812 7588 1943 7222 omitted 
573 51063 9424 2114 7977 omitted 
011702J m1p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
585 47797 8325 1978 12866 
 
594 47790 8627 2038 13013 
 
596 47415 8532 2024 12940 
 
592 46388 8469 1977 12365 
 
579 47274 8863 1989 11288 
 
583 48050 8778 2019 11283 
 
011702J m2p3 
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Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
591 46472 8130 1946 12775 
 
588 46028 8196 1930 12719 
 
586 45871 8220 1923 12699 
 
590 47727 8480 2006 13281 
 
586 47995 8526 2005 13219 
 
591 47205 8522 2001 13039 
 
011702J m1p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
582 88857 2626 2555 2140 
 
586 88296 2616 2556 2127 
 
582 88557 2581 2541 2180 
 
582 87549 2707 2524 1987 
 
587 88515 2733 2574 1965 
 
585 87026 2711 2525 1938 
 
011702J m2p4 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
598 87985 2628 2601 1825 
 
581 86572 3072 2527 1729 
 
588 88544 2754 2582 1691 
 
595 88597 2755 2615 1660 
 
593 88431 2736 2601 1667 
 
601 89231 2956 2678 1567 
 
Table E.14. Dates and chemical content of each individual point of 
analysis in domains in sample 011702J analyzed at UMaine. 
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121401C m1p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
903 35253 12684 3196 26775 
 
913 34560 12517 3182 26355 
 
910 34019 12461 3140 26491 
 
917 32863 11969 3049 25601 
 
897 33102 12291 3031 26233 
 
914 34144 12265 3133 25510 
 
121401C m2p1 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
1055 21981 8142 2394 23950 
 
1073 21511 8177 2420 23883 
 
1083 21792 8121 2448 23925 
 
1073 21666 8200 2431 23939 
 
1070 21678 8137 2413 23933 
 
1080 21221 8209 2429 24004 
 
121401C m1p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
956 41114 5668 2620 27929 
 
998 38579 5914 2662 27723 omitted 
970 40404 5825 2651 27745 
 
979 40819 5769 2689 27654 
 
990 37940 5969 2621 27516 omitted 
982 41391 5736 2716 27536 
 
121401C m4p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
905 41993 5846 2534 26852 omitted 
909 44752 5344 2589 26433 
 
907 45089 6005 2688 26141 
 
922 45369 6022 2751 26177 
 
914 44726 5983 2692 26268 
 
929 44096 5549 2651 26391 
 
121401C m1p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
656 45193 6378 1959 27363 
 
652 45049 6343 1940 27455 
 
658 45029 6494 1972 28099 
 
657 44967 6475 1967 28004 
 
662 45026 6468 1984 27964 
 
657 45483 6464 1980 27734 
 
121401C m3p3 
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Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
599 44376 5757 1706 36236 
 
607 44310 5630 1718 35766 
 
610 43983 5627 1716 35682 
 
601 44693 5612 1710 35631 
 
597 45232 5522 1702 35537 
 
586 45480 5563 1682 35534 
 
121401C m4p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
614 45215 5977 1795 28202 omitted 
624 44690 6217 1832 28462 
 
622 45102 6270 1844 28483 
 
612 45957 6301 1838 28466 
 
611 46848 6248 1856 28364 
 
610 46590 6260 1846 28344 
 
121401C m5p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
584 46311 5869 1724 27928 
 
577 47069 5711 1709 27870 
 
580 47528 5788 1737 28193 
 
571 46669 5813 1690 28201 
 
578 46512 5739 1701 28391 
 
593 46800 5777 1756 28254 
 
Table E.15. Dates and chemical content of each individual point of 
analysis in domains in sample 121401C analyzed at UMaine. 
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123106 m9 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
464 10188 5694 598 24823 
 
438 9981 5327 536 25070 
 
425 9783 4663 474 25265 
 
462 10725 5901 620 24571 
 
442 11002 5855 596 24282 
 
461 11114 5796 620 24268 
 
123106 m12 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
512 22579 10007 1271 27715 
 
526 19442 9739 1213 27480 
 
515 20435 8537 1119 27029 
 
522 21595 6713 1021 25938 omitted 
523 21621 9472 1236 27176 
 
524 21861 9797 1268 27531 
 
123106 m15 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
693 20397 6374 1299 25634 
 
677 20491 6316 1265 25584 
 
665 21051 6207 1248 25034 
 
752 19215 6257 1361 25290 
 
765 19606 6177 1391 25653 
 
756 19608 6226 1379 25819 
 
Table E.16. Dates and chemical content of each individual point of 
analysis in domains in sample 123106 analyzed at UMaine. 
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122902 m7p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
672 82757 6147 3127 19098 
 
717 82058 6695 3376 20041 
 
720 83743 6886 3464 20072 
 
628 82774 5548 2859 15979 omitted 
122902 m13p2 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
1073 52415 3826 3203 17161 
 
1069 53617 3623 3215 16290 
 
1029 54439 1927 2857 18094 omitted 
998 49096 3446 2758 17765 
 
1038 53697 2861 2997 17930 
 
1032 55478 3730 3202 15319 
 
122902 m2p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
714 63114 2147 2263 2977 
 
718 64181 2214 2318 3025 
 
724 62480 2233 2287 3155 
 
715 60782 2377 2218 4236 
 
720 62085 2346 2271 3728 
 
718 61511 2157 2226 3684 
 
122902 m10p3 
Date Th (ppm) U (ppm) Pb (ppm) Y (ppm) Notes 
616 60950 1992 1871 10353 
 
741 59972 2021 2234 753 
 
739 62134 2092 2305 1057 
 
739 62669 2242 2342 1218 
 
750 61413 2027 2309 0 
 
761 61369 2046 2346 0 
 
Table E.17. Dates and chemical content of each individual point of 
analysis in domains in sample 122902 analyzed at UMaine. 
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UMass 011702L2 m4p2 011702J m1p2 
 011702L2 m4p1 011702J m1p3 
Moacyr 8-16-2016 011702L2 m10p2 011702J m1p4 
123102A m1p1 011702L2 m11p2 011702J m2p2 
123102a m1p2 011702L2 m9p1 011702J m2p3 
011602A m2p2 Moacyr 8-24-2016-post 011702J m2p4 
011602A m2p3  Elk Mountain 3-14-2017 
011602A m1p4 Missing  
011602A m11p5 011702I1 m11p4 011701B1 m2p2 
011602A m20p7 011702I1 m18p3 011701B1 m3p2 
Moacyr 8-16-2016-post 011702I1 m5p3 121401C m1p1 
  121401C m1p2 
Moacyr 8-17-2016 Moacyr 11-25-2016 121401C m1p3 
123102A m4p1 112901 m1 upper right 121401C m2p1 
011702I1 m8p1 112901 m1 lower left 121401C m3p3 
011702I1 m8p2 112901 m5 right 121401C m4p2 
011702I1 m7p2 112901 m5 left 121401C m4p3 
011702I1 m4p1 112901 m6 121401C m5p3 
011702I1 m16p4 Moacyr 11-25-2016-post Elk Mountain 3-15-2017 
011702I1 m14p4 112901 m2  
123102A m4p2  011602A m5p1 
Moacyr 8-17-2016-post Moacyr-1-30-2017 011602A m8p6 
 011602A m5p6 011602A m1p4 
Moacyr 8-18-2016 011602A m16p7 011602A m20p7 
122902 m13p2 011602A m16p5 Elk Mountain 3-21-2017 
122902 m3p3 012104B m22p3  
122902 m1p1 012104B m22p2 122902 m2p3 
122902 m2p4 012104B m22p1 122902 m7p2 
122902 m13p4 012104B m8p2 left 122902 m10p3 
112801F m1p1 012104B m8p1 left 122902 m13p2 
112801F m1p2 012104B m8p1 right 123106 m9 
112801F m3p1 012104B m8p2 right 123106 m12 
011603A1 m1p1 Moacyr-1-31-2017-post 123106 m15 
011603A1 m1p2 011602A m8p7  Elk Mountain 3-22-2017 
011603A1 m4p1   
Moacyr 8-18-2016 UMaine  011701B1 m7p1 
  011702B1 m8p1 
Moacyr 8-24-2016 123102A m4p1 Elk Mountain 3-23-2017 
011701B1 m4p4 123102A m4g2  
011701B1 m15p4 011702J m1p1 left  
011701B1 m2p3 011702J m1 right  
Table E.18. Order of analyses at UMass and UMaine from left to right 
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